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DESIGN GUIDE FOR METAL AND NONMETAL TAILINGS DISPOSAL 

Roy L. Soderberg' and Richard A. Busch2 

ABSTRACT 

The Bureau of Mines has conducted s u b s t a n t i a l  research  on t h e  design, con- 
s t r u c t i o n ,  and operat ion of metal and nonmetal t a i l i n g s  ponds. This design 
guide, l i k e  r e l a t e d  Bureau pub l i ca t ions  :that preceded i t ,  i s  produced t o  
a s s i s t  the  indus t ry  i n  the  management of m i l l  t a i l i n g s  d i s p o s a l .  It covers 
t h e  s i t e  s e l ec t ion ,  sampling, labora tory  t e s t i n g ,  design,  cons t ruc t ion ,  opera- 
t i o n ,  and inspec t ion  of t a i l i n g s  embankments. The e f f e c t s  of environment, I 
topography, and hydrogeology a r e  a l s o  included, and va r ious  methods of s t a -  
b i l i t y  ana lys i s  and f a c t o r s  a f f e c t i n g  s t a b i l i t y  a r e  reviewed. Because of t h e  
d i v e r s i t y  of problems encountered i n  t a i l i n g s  embankments, s p e c i f i c  so lu t ions  
a r e  not intended.  The guide i s ,  however, a u se fu l  check l i s t  f o r  designers ,  
opera tors ,  and inspec tors  of t h i s  type of s t r u c t u r e .  

INTRODUCTION ' 

This t a i l i n g s  d i sposa l  design guide has been prepared by t h e  Bureau o f  
Mines e spec ia l ly  f o r  those mining engineers  and Government o f f i c i a l s  responsi- 
b l e  f o r  t h e  design, cons t ruc t ion ,  operat ion,  and inspec t ion  of mine t a i l i n g s  
ponds. These design recornendat ions a r e  intended t o  d e a l  s p e c i f i c a l l y  w i t h  
waste  from metal and nonmetal o r e s ;  however, many of t h e  po in t s  discussed a r e  
app l i cab le  t o  coa l  waste embankments, dry mine waste p i l e s ,  leach  dumps, and 
s t r i p  and p lace r  operat ions which a r e  not s p e c i f i c a l l y  covered i n  t h i s  r epor t .  

The mining and processing of low-grade m e t a l l i c  o re s  r e s u l t s  i n  l a rge  
q u a n t i t i e s  of waste which leave  t h e  p l an t  a s  a s l u r r y  wi th  a 30- t o  50-percent 
pulp  dens i ty  containing a s  much a s  30 t o  80 percent ma te r i a l  of minus 200-mesh 
s i z e .  This  s l u r r y  i s  r e t a ined  i n  the  t a i l i n g s  ponds, allowing t h e  s o l i d s  t o  
s e t t l e  ou t .  The decant water  may be  recycled o r  allowed t o  discharge i n t o  a 
watercourse. Mining opera t ions  of 30,000 t o  100,000 tons  pe r  day a r e  not 
uncowon wi th  9% percent being waste which has t o  be s tored  i n  t a i l i n g s  ponds. 
The s i z e  of these  ponds has increased tremendously i n  the  l a s t  10 years;  f o r  

'Mining engineer .  
' c iv i l  engineer; a s soc ia t e  p ro fes so r  of c i v i l  engineering,  Gonzaga Universi ty,  

Spokane, Wash. 
Both authors  a r e  with t h e  Spokane Mining Research Center, Bureau of Mines, 

Spokane, Wash. 



example, in 1938, 1 ton of ore produced 27 pounds of copper; 1947--18 pounds; 
1960--14.4 pounds; and 1971--11 pounds. This trend will probably continue, 
but at a reduced rate. The disposal problem will get worse in the future as 
larger tonnages are milled and land becomes more costly. The height of the 
dams will have to be increased, compounding the stability problems. 

Research has been conducted on tailings embankments in mountainous areas 
where long winters with snow and freezing weather are major obstacles and in 
desert areas where the main problems are seepage into the ground water, dust, 
and water conservation. 

Previous Bureau publications have dealt with various phases of tailings 
disposal, including design and operation, stability analysis, and seepage 
@-33) . 3  This report presents additional information on these subjects as 
wellTs the newest techniques for reducing seepage into the ground water and 
for improving the stability and safety of the embankments. 
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BACKGROUND INFORMATION 

The prime purpose of the design guide is to outline the criteria relating 
to waste disposal, some of the problems that will be encountered, and how to 
solve them. The includes explicit details of site investigation, design 
requirements and specifications, constructiontechniques, inspection procedures, 
and detailed investigations including sampling and testing to check the stabil- 
ity of present and future embankments by use of the computer. It is impera- 
tive that the design and operation of waste sites be conducted under the 
direct supervision of engineers who are competent in the fields of waste 
disposal, construction, soil mechanics, geology, hydrology, and hydraulics. 

Tailings Ponds 

As used in this guide, tailings ponds comprise embankments placed on the 
ground surface that are required to retain slurries of waste and water; they 
are constructed from tailings, borrow material, or some of each. Some mines 
use deslimed tailings for underground fill, leaving only the finer material to 
be impounded on the surface. The materials range from chemically stable 
quartz to unstable feldspars which can alter to micrometer-size clay. 

3Underlined numbers in parentheses refer to items in the bibliography preced- 
ing the appendixes. 



An adequate o r  s a t i s f a c t o r y  t a i l i n g s  embankment i s  defined a s  one t h a t  
has a  good f a c t o r  of s a f e t y ,  w i l l  r e t a i n  s o l i d s ,  and w i l l  con t ro l  t h e  l i q u i d  
waste.  Prevention of  po l lu t ion  by both s o l i d s  and l i q u i d  must be incorporated 
i n  the  design plans,  toge ther  wi th  shapes and s t a b l e  s lopes  t h a t  w i l l  enhance 
r e h a b i l i t a t i o n  of the  a rea  a f t e r  i t  has been abandoned. 

Function of Ta i l ings  Ponds 

The main funct ion of a  mine t a i l i n g s  pond i s  t o  s t o r e  s o l i d s  permanently 
and t o  r e t a i n  water temporarily.  The length of  t i m e  t h a t  water must be 
r e t a ined  ranges from a few days t o  months, depending on gradat ion ,  mineralogy, 
e t c .  When c l a r i f i e d ,  t h e  water  can be reclaimed f o r  p lant  use o r  discharged 
i n t o  t h e  drainage.  

When the  water contains a  ser ious  p o l l u t a n t ,  t h e  t a i l i n g s  dam must be 
designed t o  r e t a i n  t h e  water  f o r  longer periods u n t i l  t h e  harmful chemicals 
have degraded o r  u n t i l  the  water evaporates .  A completely closed system i s  
prefer red  i n  a l l  such cases,  not only f o r  conserva t ion ,of  water ,  but  a s  a 
necess i ty  t o  prevent t h e  po l lu t an t  from being discharged.  The seepage water  
from t h i s  type of dam must be cont ro l led ,  t r e a t e d ,  and pumped back t o  t h e  m i l l  
f o r  reuse.  

BASIC CONSIDERATIONS 

Economics continue t o  be of prime importance i n  t h e  design of t a i l i n g s  
embankments, including s i t e  s e l ec t ion ,  pumping requirements,  length  of pipe 
l i n e ,  and c a p i t a l  versus  opera t ing  c o s t .  The annual tonnage versus  s i t e  
acreage, physical  p rope r t i e s  of t a i l i n g s ,  type of embankment, method of waste 
d i sposa l ,  a v a i l a b i l i t y  of cons t ruc t ion  ma te r i a l s ,  c l imate,  t e r r a i n ,  hydrology, 
geology, and na ture  of the  foundation a t  a l t e r n a t i v e  s i t e s  a r e  a l l  important 
f a c t o r s .  The consequences of f a i l u r e  should be f u l l y  considered i n  e s t a b l i s h -  
i n g  the f a c t o r  of s a f e t y  (FS) of t h e  embankment design. Embankments i n  
se i smica l ly  a c t i v e  a reas  should undergo dynamic ana lys i s  t o  e l iminate  t h e  
p o s s i b i l i t y  of l i que fac t ion  from earthquake shock. Embankments i n  remote 
a r e a s  can have a  lower FS than needed i n  urban a r e a s .  Operating c o s t s  f o r  
t a i l i n g s  d i sposa l  can be a  b ig  i tem i n  a  mining operat ion,  and much thought 
should go i n t o  t h e  study of c a p i t a l  versus  opera t ing  c o s t .  I n  some cases,  the 
p l a n w i t h t h e  cheapest c a p i t a l  cos t  c a n b e t h e  most expensive when the  opera t ing  
c o s t  i s  added, and v i c e v e r s a .  Probably t h e  cheapest opera t ion  poss ib l e  would 
be  one where a  few water-type dams couldbeconstructedtoenclose a l a r g e  area,  
allowing the opera tor  t o  merely dump t h e  tai1ings;thiswouldcompletely 
e l iminate  operat ing l abor  except f o r  pump opera t ion  and per iodic  inspec t ions .  

Operation of porphyry copper, t acon i t e ,  and pebble phosphate mines can 
more e a s i l y  a n t i c i p a t e  t h e  u l t ima te  a rea  needed f o r  t a i l i n g s  d i sposa l  f o r  t h e  
l i f e  of t h e  depos i t  than can operat ion of underground deep-vein mines. These 
sur face  depos i t s  a r e  genera l ly  we l l  defined wi th  known o r e  reserves  f o r  a  
given number of years .  Knowing t h i s  and t h e  an t i c ipa ted  d a i l y  tonnage, 
d e f i n i t e  plans f o r  a  t a i l i n g s  d i sposa l  a rea  can be  made. Any planned expan- 
s ion  should be considered a t  t h e  same time, keeping approximately 35 a c r e s  per 



1,000 tons  of m i l l  production f o r  metal mines, preferably  i n  two sepa ra t e  
a reas .  Taconite operat ions r e q u i r e  about the  same acreage per  1,000 tons  
of waste ~ r o d u c e d .  Under s p e c i a l  condit ions,  such as  s ingle-poin t  d i s -  
charge i n t o  l a rge  areas  where cheap land i s  a v a i l a b l e  and o t h e r  f a c t o r s  a r e  
favorable ,  t h e  a rea  per  1,000 t o n s  of waste could go up t o  two t o  t h r e e  times 
t h i s ,  but observat ion of well-engineered t a c o n i t e  t a i l i n g s  a reas  i n d i c a t e s  
t h a t  35 ac res  per 1,000 tons i s  about optimum where d ischarge  p i p e l i n e s  s u r -  
round t h e  a rea .  Phosphate mines i n  f l a t  t e r r a i n  w i l l  r equ i r e  nea r ly  an acre  
of  s e t t l i n g  pond per a c r e  of mined land u n t i l  some improvement i n  s e t t l i n g  
r a t e  can be achieved. Because of t h e  f ineness  of the  ma te r i a l  and t h e  low 
pulp dens i ty ,  i t  i s  genera l ly  deposi ted a t  a  s i n g l e  point  a t  a  time. 

Size of T a i l i n g s  Area 

The s i z e  of t h e  t a i l i n g s  embankment necessary f o r  each 1,000 tons  of 
m i l l i n g  capaci ty  f o r  a  s a fe  and e f f i c i e n t  operat ion i s  governed t o  some extent  
by t h e  s i z e  of t h e  grind,  but mostly by the  t e r r a i n  wi th in  the  t a i l i n g s  a rea .  
A r e l a t i v e l y  l e v e l  a rea  of a  wide, open v a l l e y  i s  an i d e a l  s i t e  because of the 
l a r g e  volume of t a i l i n g s  placed per  foot  of e l eva t ion  r i s e .  A s t a r t e r  dam 
constructed from borrow mate r i a l  i s  a very important p a r t  of the e n t i r e  
impoundment. The purpose of t h i s  dam i s  t o  contain the  sand and provide a  
pond l a rge  enough t o  insure  s u f f i c i e n t  water c l a r i f i c a t i o n  a t  t h e  s t a r t  of 
opera t ions .  The s teeper  the  t e r r a i n  wi th in  t h e  embankment area,  t h e  higher  
t h e  s t a r t e r  dam must be t o  supply t h e  s torage  necessary fo r  t h e  sand and water 
u n t i l  t h e  embankment can be r a i sed  wi th  t h e  beach sand. It i s  f a r  b e t t e r  t o  
make t h e  s t a r t e r  dam a  b i t  higher  than required because of t h e  unknown f a c t o r s  
a t  s t a r t u p  of  an impoundment. These unknowns a r e  (1) the  e f f i c i e n c y  of segre- 
ga t ion  of t h e  sand and slime on the  beach, (2) the angle of the  beach area ,  
and (3)  most important,  t h e  r e t e n t i o n  time i n  t h e  pond t o  ge t  c lean  water.  A 
capac i ty  curve p l o t t i n g  t h e  volume agains t  e l eva t ion  should be made, a s  well  
a s  a  t ime-capacity curve t o  ge t  t h e  e l eva t ion  r i s e  per  year  through t h e  l i f e  
of the  impoundment ( f i g .  1 ) .  

Where the  maximum annual r i s e  i s  l imi ted  t o  l e s s  than 8 f e e t  per year ,  
t h e  a c t i v e  d i sposa l  a rea  must be a t  l e a s t  20 a c r e s  pe r  1,000 tons  of d a i l y  
capaci ty .  Operating a t  t h i s  upper l i m i t  of r i s e  per  year  f o r  continuous 
operat ion might be sa fe ,  but  t h i s  depends on t h e  grind,  pulp dens i ty ,  and type 
of ma te r i a l  being impounded. From an operat ing and sa fe ty  point  of view, a  
f i g u r e  of 30 ac res  per  1,000 tons  of d a i l y  capaci ty  i s  much b e t t e r  f o r  t h e  
lower l i m i t  of  a  mature pond. I f  t h e  s i t e  i s  on a  h i l l s i d e ,  the  s t a r t u p  time - 
i s  most c r i t i c a l  because the  a rea  of a c t i v e  s to rage  i s  small.  There i s  no 
e s t ab l i shed  r a t e  t h a t  an embankment can be r a i sed ,  but f o r  a  given mater ia l ,  
gradat ion,  and pulp dens i ty  t h e r e  i s  a  d e f i n i t e  maximum r a t e  of r i s e  above 
which s t a b i l i t y  becomes a  problem. I f  the  t a i l i n g s  cannot d ra in  a s  f a s t  a s  
t hey  a re  placed i n  t h e  pond, t h e  ph rea t i c  sur face  r i s e s  and comes out t h e  face 
above the toe  dam. When t h i s  occurs,  seepage and piping take place,  lowering 
t h e  safe ty  f a c t o r  t o  t h e  danger po in t .  Poss ib le  so lu t ions  a r e  t o  allow time 
f o r  drainage and t o  p lace  a f i l t e r  and rock surcharge on t h e  t o e .  A rap id  
annual r i s e  i s  undes i rab le  because t h e  ma te r i a l  does not have time t o  properly 
d r a i n ,  consol idate ,  and s t a b i l i z e ,  nor  i s  t h e r e  time t o  r a i s e  t h e  per iphera l  
dam. 



MILLION TONS 

FIGURE 1. - Capacity-elevation-time curve. 

The ~ o n d  a rea  reaui red  f o r  c l a r i f i c a t i o n  of  t h e  water p r i o r  t o  rec lana-  
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t i o n  of discharge i n t o  t h e  l o c a l  drainage i s  d i f f i c u l t  t o  determine by experi-  
mental o r  t h e o r e t i c a l  means. The problem i s  t o  provide s u f f i c i e n t  r e t e n t i o n  
time t o  permit t h e  very f i n e  f r a c t i o n s  t o  s e t t l e  before  they reach t h e  decant.  
The set t lement  v e l o c i t i e s  of var ious  g r a i n  s i z e s  and shapes can be determined 
t h e o r e t i c a l l y ;  however, s eve ra l  f a c t o r s  determine the  e f f ec t iveness  of s e t t l e -  
ment i n  t h e  f i e l d ,  such a s  g ra in  s i z e ,  percentage of slimes, pH of t h e  water ,  
wave ac t ion ,  and depth of water .  

- 

The s i z e  of gr ind  required t o  l i b e r a t e  the  metal from t h e  waste can pro- 
duce a  mater ia l  having 55 percent o r  more minus 200 mesh so t h a t  t h e  s e t t l i n g  
r a t e  i s  q u i t e  slow. P a r t i c l e s  of 50-micrometer: s i z e  have a  set t lement  r a t e  of 
0.05 inch per  second and w i l l  s e t t l e  i n  a  reasonable time even though a f f ec t ed  
by wave ac t ion .  The most d i f f i c u l t  p a r t i c l e s  t o  s e t t l e  a r e  those of 2  micro- 
meters o r  l e s s ;  these  have a  t h e o r e t i c a l  se t t lement  r a t e  of 0.01 inch  per  
second i n  s t i l l  w a t e r , b u t  i n  f a c t  may take  days because of wave ac t ion .  

The q u a l i t y  of t h e  water returned t o  t h e  m i l l  o r  t h e  watershed w i l l  
determine the  r e t e n t i o n  time f o r  any p a r t i c u l a r  mine. The time required may 
be  as  low a s  2 days and a s  high a s  10 days,  wi th  an average of about 5 .  
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Metal mine t a i l i n g s  include m a t e r i a l s  from hard quartz  t o  mudstone with 
v a s t  d i f f e rences  i n  physical  p r o p e r t i e s .  F ine ly  ground m i l l  waste high i n  
s i l i c a  can have a  high shear  angle a t  high d e n s i t i e s  wi th  l i t t l e  o r  no 
cohesion and s t i l l  be very suscept ib le  t o  e ros ion  by wind and water .  Materi- 
a l s  high i n  f e ldspa r  may have a high shear  s t r eng th  when f r e sh ,  but can 
chemically change t o  c lay  wi th  time, reducing t h e  s t rength .  Rela t ive ly  minor 
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amounts of sulfide can oxidize to form a crust and lower the pH enough that 
vegetative growth is difficult or impossible without adding topsoil or alter- 
ing the material in some way. High-sulfide tailings may ignite by sponta- 
neous combustion or produce acidic runoff, iron oxide, or hydroxide, which can 
pollute large areas in a drainage basin. The sodium cyanide from gold ore 
treatment plants requires a long retention time in the tailings pond, and some- 
times requires treatment with chlorine or other oxidizing agents to neutralize 
the cyanide to tolerable levels ( 4 . 3  ppm) before release. The waste from 
uranium mining and milling can be very dangerous for many years owing to radio- 
active daughter products. 

Particle Sizes 

The grind necessary to free the metallic minerals for flotation ranges 
from about 30 percent to 80 percent minus 200 mesh (fig. 2). Sand-filling 
operations at some mines remove the coarse sand, leaving an even finer mate- 
rial to be impounded in tailings ponds. 

Taconite plant waste products include a float product of 3/8- to 1/2-inch 
size and a spiral and flotation reject containing up to 70 percent minus 325 
mesh, and there is a possibility of even finer grind to 90 percent minus 325 
mesh to reduce the silica content in the pellets. Not all plants have the 
same waste products, but all could have all or part of those listed. Some 
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FIGURE 2. - Screen analysis-typical metal mine general mill tailings. 



a l s o  have i r o n  oxides o r  hydroxides t h a t  p r e c i p i t a t e  out  of t h e  seepage water ,  
which must be contained wi th in  t h e  impoundment. 

Pebble phosphate operat ions have two waste products from t h e i r  washing 
p lants - -a  f i n e ,  whi te ,  c l ean  s i l i c a  sand s i m i l a r  t o  ocean beach sands,  and a 
c l a y  product a l l  of which i s  smaller  t han  0.02 micrometer wi th  60 percent  
minus 0.001 micrometer ( f i g .  3 ) .  These two products a r e  approximately two- 
t h i r d s  of t h e  matr ix a s  mined and mi l led .  The c l a y  waste product  comes from 
t h e  wash p l a n t  a t  4 t o  5 percent  pulp dens i ty  and i s  very  slow t o  dewater and 
consol ida te .  For t h i s  reason it r e q u i r e s  near ly  1 acre  of pond fo r  each acre  
mined. 

Table 1 shows s p e c i f i c  g r a v i t y  (G,), the  c o e f f i c i e n t  of uniformity (C,) 
(Deo ID, O ) r  and t h e  e f f e c t i v e  s i z e  (Dl,). of  some t y p i c a l  t a i l i n g s  ma te r i a l s .  
(NOTE.--D,, i s  the  p a r t i c l e  s i z e  diameter (D) a t  "60 percent  f i n e r  than" on 
t h e  gradat ion  curve.  ) 

TABLE 1. - Physical  p r o p e r t i e s  of t a i l i n g s  

EQUIVALENT SPHERICAL DIAMETER,pm 

FIGURE 3. - Gradation of typical Florida phosphate slimes. 

q o t U m  
2.5 
9 .0  
8 . 0  
3 . 0  
4 . 0  
8 . 0  

.06 

Mineral 

Gold mine (sand removed f o r  f i l l )  . . . . . . .  
Iron (ore) .............................. 
Lead.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Molybdenum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Flo r ida  phosphates . . . . . . . . . . . . . . . . . . . . .  

Gs 

2.6 - 2.7  
4 . 6  - 6 . 0  
2 . 8  - 3.4 
2 .92 
2.71-2.75 
2 . 6  -2.7 
2.6 

Cu 

9.20 
7 .75 
9.38 

70 .00  
18.92 
20.00 
10 .00  
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The f i e l d  
dens i ty  of a t a i l -  
ings pond increases  
wi th  time and 
depth below t h e  
sur face .  A t y p i -  
c a l  example of the  
dens i ty  change i n  
a copper t a i l i n g s  
pond t h a t  i s  i n  an 
a rea  wi th  a highly 
permeable base and 
where two ponds 
a r e  used a l t e r -  
n a t e l y  i s  shown i n  
f i g u r e  4 .  The 
dens i ty  ranges 
from 90 t o  95 
pounds per cubic 
foo t  a t  the  s u r -  
f ace  t o  100 t o  105 
pounds per cubic 
foo t  a t  the  4 5 -  
foo t  depth.  In  
t h i s  example t h e  
inac t ive  pond is  
allowed t o  dry so 
t h e  dike can be 
r a i s e d  f o r  t h e  
next  10-foot f i l l .  
These t a i l i n g s  a r e  
discharged a t  48+ 
percent  pulp den- 
s i t y  and conta ins  
58 percent  minus 
200-mesh ma te r i a l ,  
r e s u l t i n g  i n  a 
very  poor segrega- 
t i o n  of coarse and 
f i n e  ma te r i a l  i n  
the  pond. 

The increase  
i n  dens i ty  with 
depth depends some- 
what on the  miner- 
alogy, screen  s i z e ,  

FIGURE 4. - Increased density with depth. 

and s p e c i f i c  g r a v i t y ,  but of more importance i s  t h e  a b i l i t y  of the water t o  
d r a i n  through e i t h e r  dra ins  o r  a permeable base.  



An important phys ica l  proper ty  of m i l l  t a i l i n g s  i s  t h e i r  shear  s t r eng th .  
This property i s  expressed by t h e  angle of i n t e r n a l  f r i c t i o n ,  4 ,  and apparent 
cohesion, c .  Typical va lues  f o r  t h e  4 angle a r e  20' t o  35", increas ing  wi th  
increased percentage of sand i n  t h e  t a i l i n g s .  Apparent cohesion i s  t h e  func- 
t i o n  of mineralogy, moisture,  and p a r t i c l e  spacing; t y p i c a l  values range from 
0 t o  5 p s i .  

Mine Waste 

Inves t iga t ion  and t e s t i n g  of mine waste (not t a i l i n g s  ponds) and mine 
leach dumps a r e  gene ra l ly  s i m i l a r  t o  t h e s e  phases of dam o r  highway construc-  
t i o n .  The s t a b i l i t y  of waste embankments r equ i re s  t h e  i n v e s t i g a t i o n  of the  
following f a c t o r s  fo r  a c r i t i c a l  ana lys i s :  

1. Natural  degradat ion of the  waste mater ia l s  due t o  time and weather,  
r e s u l t i n g  i n  a l o s s  of shear s t r eng th .  

2 .  Water l e v e l s  i n  the  embankments. These a r e  e s p e c i a l l y  c r i t i c a l  i n  
leach dumps, where mi l l ions  of ga l lons  of water a r e  pumped i n t o  the  dumps each 
day, or  when drainage water en te r s  t h e  embankment. 

3.  Seal ing of embankment e x t e r i o r s  by weathering. 

4 .  Incompetent ma te r i a l  beneath t h e  embankment such as  c l a y s ,  e t c .  

To evalua te  these  condit ions it may be necessary t o - -  

1. Research s imi l a r  wastes i n  e x i s t i n g  embankments. 

2 .  D r i l l ,  sample, and t e s t  f o r  phys ica l  p rope r t i e s  

3 .  Instrument t h e  embankments t o  monitor cont inuing behavior u t i l i z i n g - -  

A. Piezometers and open we l l s  t o  measure water pressure .  

B .  Slope ind ica to r  and su r face  monuments f o r  deformation 
measurements. 

C .  Photographs t h a t  might show changes i n  appearance ( a e r i a l  o r  
ground photos) .  

D. Monthly or  q u a r t e r l y  surveys f o r  a permanent record .  

E .  Pumping t e s t s  t o  es t imate  water volume i n  dump 

Mater ia l s  t h a t  commonly degrade r a p i d l y  a r e  s h a l e s ,  s i l t s t o n e s ,  and mud- 
s tones ;  the fe ldspars  can degrade i n t o  c lay .  Some fe ldspa r s  found i n  swell ing 
porphyry a r e  already p a r t l y  decomposed and could breakdown q u i t e  r ap id15  i f  
excavated and exposed t o  the elements. Often these  ma te r i a l s  w i l l  g radual ly  
lo se  t h e i r  s t r eng th  when exposed t o  f r eez ing ,  thawing, wet t ing ,  and drying, o r  
t o  the r e l i e f  of s t r e s s  by excavat ion.  I f  the lo s s  of s t r eng th  is  s u b s t a n t i a l ,  



a waste p i l e  designed based on the s t r e n g t h  of the f r e s h  ma te r i a l  could become 
uns tab le  a t  some time i n  t h e  f u t u r e .  Therefore, p i l e s  of waste t h a t  may be 
s u s c e p t i b l e  t o  degradat ion should be designed on the  b a s i s  of t h e  lowest 
s t r e n g t h  t h a t  the ma te r i a l  might a t t a i n .  Accelerated t e s t s  of degradat ion can 
be  performed i n  t h e  labora tory  using r ap id  cyc les  of f r eez ing  and thawing, 
we t t ing  and drying,  o r  exposure t o  a c i d s  such as  those used i n  copper leach 
dumps t h a t  might inf luence t h e  waste.  These t e s t s  may not i n d i c a t e  t h e  f i n a l  
s t r e n g t h  of t h e  ma te r i a l  but  could i n d i c a t e  t h a t  the waste ma te r i a l  may change 
wi th  a reduct ion  i n  s t r eng th .  Borrow mate r i a l  may be requi red  t o  conf ine  t h e  
p i l e  r a t h e r  t han  r e l y i n g  on t h e  m a t e r i a l  i t s e l f  f o r  s t a b i l i t y .  This ma te r i a l  
should always be pro tec ted  s o  t h a t  su r face  drainage does not  flow through i t  
because of leaching of m e t a l l i c  ions ,  degradat ion,  s t a b i l i t y ,  e t c .  Samples of 
t h e  degraded ma te r i a l  may be found i n  t h e  f i e l d  and would be  much more nea r ly  
r ep resen ta t ive  when t e s t i n g  f o r  s t r e n g t h .  

Many ''waste'' embankments t h a t  have been accumulating f o r  over 50 years 
a r e  now being leached f o r  t h e  recovery of copper. No s p e c i a l  ca re  i n  placing 
t h e  ma te r i a l  t o  in su re  s t a b i l i t y  seemed necessary because t h e  ma te r i a l  was dry 
and was t o  remain dry during t h e  e a r l y  s t ages  of placement. With t h e  advent 
of  leaching,  these  v a s t  p i l e s  of "waste" became p a r t i a l l y  sa tu ra t ed  and s t a -  
b i l i t y  problems developed. Impervious zones a t  each l i f t  a l low leach so lu-  
t i o n s  t o  cascade out  onto the  f ace ,  added weight causes bulging of t h e  
foundat ion ma te r i a l ,  and degradat ion due t o  wett ing the  ma te r i a l  i t s e l f  
r e s u l t s  i n  r e l a t i v e l y  impervious zones. These dumps can absorb b i l l i o n s  of  
g a l l o n s  of water before a water balance i s  a t t a i n e d .  S t a b i l i t y  then becomes a 
problem, and piezometeis andlor  open we l l s  f o r  monitoring the  ph rea t i c  l i n e  
a r e  very important.  Slope i n d i c a t o r s  o r  su r face  monuments should be i n s t a l l e d  
t o  monitor movement of the  embankment, and d r i l l i n g  and sampling should extend 
i n t o  the foundation ma te r i a l .  

Leach Dumps 

Most U.S. l each  dumps c o n s i s t  of waste and low-grade o r e  t h a t  has accumu- 
l a t e d  from mines and open p i t s  over a per iod  of years  (up t o  50 years  or more); 
t h i s  mater ia l  now can be leached a t  a p r o f i t  by simply spraying o r  i n j e c t i n g  
water  o r  d i l u t e  acid over the  su r face  and c o l l e c t i n g  t h e  pregnant s o l u t i o n  fo r  
p r e c i p i t a t i o n .  The gradat ion  ranges from l a rge  boulders t o  f i n e  c l a y  with a 
continuing change i n  phys ica l  p rope r t i e s  a s  t h e  ma te r i a l  changes wi th  time and 
chemical ac t ion .  S t a b i l i t y  analyses of these  embankments a r e  very d i f f i c u l t  
t o  make because of the  heterogeneous mixture of the  ma te r i a l s .  When low-grade 
o r e s  a re  placed i n t o  leach dumps, a l l  roadways and hard-packed areas  should be 
thoroughly ripped before they a r e  covered with more o re .  

SITE SELECTION 

The s e l e c t i o n  of a s i t e  f o r  t a i l i n g s  d i sposa l  has t o  be made when the  
p l a n t  and mine s i t e s  a re  s e l e c t e d .  I n  the  f e a s i b i l i t y  s tudy of a new proper ty ,  
a t e n t a t i v e  t a i l i n g s  s i t e  must be picked. It should be wi th in  a rad ius  of 10 
m i l e s ,  preferably  a s  c l o s e  t o  the m i l l  a s  poss ib l e ,  and downstream from the  
m i l l  f o r  g r a v i t y  flow of the  t a i l i n g s .  It  must be of adequate s i z e  t o  accom- 
modate the annual tonnage of t a i l i n g s  without  too rap id  r i s e  i n  the  he ight  of 
t h e  embankment each year .  



In a new area  and e a r l y  i n  t h e  mine explora t ion  per iod  (as soon as  it 
becomes apparent t h a t  a mine i s  i n  the  making), da t a  should be gathered i n  the  
a rea .  A l l  c l ima t i c  da t a  should be gathered,  and o n s i t e  measurements of stream 
flow and evaporat ion should be made. Sedimentation c h a r a c t e r i s t i c s ,  t u r b i d i t y ,  
pH, m e t a l l i c  ion  count,  e t c . ,  on the  proposed waste should be determined. U.S. 
Geological Survey (USGS) topographical  maps a r e  usua l ly  a v a i l a b l e .  Detai led 
contour maps of the  impoundment a rea  a r e  necessary f o r  t h e  planning and design 
of mine waste embankments. Aer i a l  photographs a r e  use fu l  f o r  l oca t ing  geologi-  
c a l  f ea tu res  t h a t  may not  be d i s c e r n i b l e  by sur face  reconnaisance and mapping 
and fo r  l oca t ing  p o t e n t i a l  'sources of cons t ruc t ion  ma te r i a l s .  

The USGS maps a r e  va luable  f o r  reconnaisance surveys,  f o r  choosing a s i t e ,  
f o r  measuring a rea  and volume, and f o r  genera l  geology, drainage a r e a ,  c reeks ,  
e t c .  Major f a u l t s  should be avoided i n  t h e  t a i l i n g s  a rea  and e s p e c i a l l y  i n  
t h e  dam a rea .  By the  time of  s i t e  s e l e c t i o n ,  t he re  should be enough geologi-  
c a l  information ava i l ab le  t o  e l iminate  p o t e n t i a l  t a i l i n g s  s i t e s  on 9 mineral-  
ized a reas ,  v e i n  extensions,  p o t e n t i a l  s h a f t  s i t e s ,  p i t  access ,  o r  poss ib l e  
p i t  extensions.  The s i t e  should be f a r  enough from projec ted  mining t o  pre-  
c lude  seepage, s p i l l s ,  o r  runs i n t o  t h e  mine through f a u l t s ,  s h a f t s ,  or  f r a c -  
t u re s  from mining opera t ions .  

Habi ta t ion  downstream from a p o t e n t i a l  t a i l i n g s  dam would a f f e c t  the  
design i n  t h a t  a higher  f a c t o r  of s a f e t y  would be necessary than i n  a remote 
a r e a .  

S o i l s  and Construct ion Mater ia l  Inves t iga t ions  

S i t e  i nves t iga t ion  f o r  low embankments of 100 f e e t  o r  l e s s  on s i t e s  where 
bedrock i s  a t  shallow depths can be assessed by auger holes  and t e s t  p i t s .  
For p l an t s  with l a rge  d a i l y  tonnages, where land and c a p i t a l  c o s t s  f o r  t a i l -  
ings  d isposa l  a r e  high,  design must be f o r  l a rge  areas  wi th  up t o  500-foot- 
h igh  embankments. This r equ i re s  c a r e f u l  and d e t a i l e d  s tudy of t h e  foundation 
m a t e r i a l s ,  e s p e c i a l l y  i f  c l ays  o r  s i l t s  a re  present .  Extensive foundation 
d r i l l i n g ,  sampling, and t e s t i n g  may be necessary.  S o i l  samples should be 
t e s t e d  f o r  inplace dens i ty ,  gradat ion ,  shear s t r e n g t h ,  consol ida t ion ,  and 
moisture content .  These t e s t s  a r e  a l s o  needed f o r  l oca t ion  and a v a i l a b i l i t y  
of borrow mate r i a l  f o r  t o e  dam cons t ruc t ion .  

Organic s o i l s  a r e  gene ra l ly  very compressible,  have low shear s t r eng th ,  
and should be removed from embankment foundat ions.  When sa tu ra t ed  o r  under 
load,  they could a c t  a s  a l ub r i can t  and cause a f a i l u r e .  

Coarse, sound angular rock, such as  t a l u s ,  w i l l  be s t rong and pervious,  
bu t  se t t lement  can be expected i f  it i s  uncompacted. Some sedimentary rocks 
such as  sha le s  and mudstones weather severe ly  and reduce t h e  shear  s t r eng th  of 
t h i s  type of f i l l .  

Sol id  bedrock has more than adequate compressive and shear  s t r eng th  t o  
support mine waste impoundments. Where dams a r e  t o  be cons t ruc ted  on o r  near 
bedrock, su r face  spr ings  o r  a r t e s i a n  water can be a danger. F a u l t s  o r  f a u l t  
gouge can  a f f e c t  t h e  s t a b i l i t y  of an embankment. 



The physical  p rope r t i e s  of g l a c i a l  t i l l s  and s imi l a r  s o i l  mixtures depend 
on t h e i r  d e n s i t i e s  and gradat ions .  The amount and type of f i n e s  a r e  important.  

Water l e v e l s  should be measured i n  a l l  explora tory  holes  and t e s t  p i t s ,  
e s p e c i a l l y  where ma te r i a l s  of d i f f e r e n t  permeabil i ty  a re  encountered. Ar te-  
s i a n  water should be noted and considered i n  the dgsign. 

Pneumatic piezometers should be placed i n  s t r a t e g i c  d r i l l  holes i n  the  
foundat ion and c a r e f u l l y  mapped f o r  l oca t ion  and e l eva t ion  t o  provide cont inu-  
ous re ference  during the  l i f e  of the  embankment. 

Most t a i l i n g s  embankments r equ i re  a  toe  dam o r  s t a r t e r  dam. I f  t h e  t a i l -  
i n g s  themselves a r e  t o  be used f o r  embankment cons t ruc t ion ,  the  s p e c i f i c  grav-  
i t y ,  gradat ion ,  permeabil i ty ,  and shear s t r eng ths  a t  the expected dens i ty  of 
t h e  t a i l i n g s  a r e  necessary. Given t h e  geometry, dens i ty ,  shear  s t r eng th ,  and 
a n t i c i p a t e d  ph rea t i c  su r face ,  a  s t a b i l i t y  ana lys i s  should be run  on the  
embanbent  t o  check t h e  f a c t o r  of s a f e t y  a t  i t s  designed he igh t ,  say 500 f e e t .  
If the  FS i s  too low, add i t iona l  compaction o r  a  f l a t t e r  downstream slope may 
be necessary t o  br ing t h e  FS t o  a  s a t i s f a c t o r y  f i g u r e .  

Topography and Geology 

Topographic maps necessary f o r  planning a  mine waste embankment can be 
obtained from t h e  USGS. These topographic maps a r e  a v a i l a b l e  i n  var ious  
s c a l e s :  1:125,000 a t  100-foot contour i n t e r v a l s ;  1:62,500 a t  50-foot and 40- 
f o o t  i n t e r v a l s ;  1:24,000 a t  40-,  20-, and 10-foot i n t e r v a l s ;  and 1:12,000 a t  
4 0 - a n d  20-foot i n t e r v a l s .  When an a rea  has been chosen, more d e t a i l e d  
topographic mapping may have t o  be done l o c a l l y ,  e s p e c i a l l y  where t h e  t o e  dam 
and dra ins  a re  t o  be b u i l t .  

Aer ia l  photos of most of the  United S t a t e s  a r e  a v a i l a b l e  from USGS i n  
Menlo Park, C a l i f .  They a r e  a  he lp  i n  geologica l  mapping because f a u l t s ,  d i f -  
f e r e n t  types of rock,  ground cover ,  e t c . ,  a r e  not iceable .  Local d e t a i l e d  
geology w i l l  probably have t o  be done by t h e  company bui ld ing  t h e  embankment 
o r  by a  consul tant  h i r ed  t o  do t h i s  work. It  i s  e s s e n t i a l  t h a t  t h i s  be done 
w e l l  and i n  g r e a t  d e t a i l  t o  be su re  t h e r e  a r e  no weak o r  incompetent s o i l  or  
rock ,  no major f a u l t s ,  and no ore depos i t s  i n  t h e  i m e d i a t e  a rea .  

?he extent  of geologica l  i nves t iga t ion  necessary f o r  a  t a i l i n g s  impound- 
ment w i l l  depend on the  he ight  t o  which i t  i s  t o  be b u i l t  and t h e  complexity 
of t h e  foundation ma te r i a l .  The foundation must be f i rm enough t o  prevent 
undue se t t lement ,  s t rong enough t o  withstand t h e  shear  s t r e s s e s ,  and of  a  
n a t u r e  t h a t  seepage can be con t ro l l ed .  

For a  major t a i l i n g s  impoundment a  l o g i c a l  sequence of  geologica l  i n v e s t i -  
g a t i o n  should include: 

1. Location and s tudy of geologica l  r epor t s ,  maps, and photographs 

2. F ie ld  reconnaissance, including surveying and mapping of su r face  
d e p o s i t s ,  t h e i r  ex ten t  and mode of occurrence; any outcrops,  e t c .  



3 .  I f  overburden i s  deep, geophysical surveys may be necessary t o  d e t e r -  
mine t h e  depth. 

4 .  Measurement of ground water l e v e l s ,  which may a l s o  include pumping 
t e s t s .  

5 .  Location of a l l  seeps and spr ings  wi th in  t h e  t a i l i n g s  a rea  and 
e s p e c i a l l y  i n  the dam a r e a .  

6. Core d r i l l i n g  f o r  l oca t ion  of f a u l t s ,  planes of weakness, mineral iza-  
t i o n ,  and ground water .  The main reason f o r  core  d r i l l i n g  is t o  check f o r  
minera l iza t ion .  Any o the r  information is a bonus and may be very  he lp fu l .  

7 .  Evidence of s o l u t i o n  c a v i t i e s  or co l l apse  of cover ,  which a r e  common 
i n  limestone beds. 

8 .  Evidence of sloughing along v a l l e y  wa l l s  caused by water ,  c l a y  seams, 
or  weak formations, i nd ica t ing  uns table  condi t ions .  

The geological  h i s t o r y  of the  sur face  depos i t s  i n  and near the  embankment 
s i t e  can o f t e n  d i c t a t e  t h e  des ign  and cons t ruc t ion  of t h e  i n i t i a l  dam. The 
o r i g i n  of the  depos i t s  and whether they have been subjected t o  consol ida t ion  
pressures  s ince  t h e i r  formation w i l l  i n d i c a t e  t h e  phys ica l  p rope r t i e s  t h a t  
might be expected. Highly compacted and consol idated s o i l s  which demonstrate 
good shear  s t r eng th  a r e  gene ra l ly  ample foundation fo r  an embankment. Bedrock 
makes an exce l l en t  foundation, provided the re  a re  no extens ive  s o f t  seams, or  
t h e  mater ia l  i s  not  s o f t  weathered s h a l e ,  mudstone, s c h i s t ,  e t c .  I f  the  over- 
burden i s  shallow, the  bedrock e s s e n t i a l l y  becomes the  foundat ion,  and under 
t h e s e  condit ions it should have more than ample s t r eng th .  

Climate and Hydrology 

When explora t ion  i s  being c a r r i e d  on f o r  a new proper ty  i n  r e l a t i v e l y  
remote and v i r g i n  country,  hydrologic inves t iga t ions  should be s t a r t e d .  The 
National  Weather Service has records a v a i l a b l e  f o r  the e n t i r e  United S t a t e s ,  
bu t  i f  the a rea  i s  remote from a weather s t a t i o n ,  s i t e  records  should be made 
of  d a i l y  temperature, p r e c i p i t a t i o n ,  s o l a r  r a d i a t i o n ,  wind, and evaporat ion.  
The Water Resources Division of the USGS has streamflow measurements of  most 
major streams, but  here  aga in  s p e c i f i c  minor t r i b u t a r y  streams should be mea- 
sured .  Water q u a l i t y  of a l l  t h e  watersheds i n  the v i c i n i t y  should be checked 
f o r  t u r b i d i t y ,  m e t a l l i c  ions ,  pH, e t c .  The l a t t e r  i s  e s p e c i a l l y  important i n  
t h a t  a stream flowing from a heavi ly  mineral ized a rea  might have a higher  
m e t a l l i c  ion content  i n  i t s  n a t u r a l  s t a t e  than i s  allowed i n  the  S t a t e  and 
Federal  regula t ions .  A 3- t o  4-year h i s t o r y  of s t r eamf lowbes ide ,  through, 
o r  beneath a t a i l i n g s  impoundment i s  important f o r  the  designer .  The proba- 
b i l i t y  of a 100-year f lood,  or  l a r g e r ,  is a l s o  important .  

Evaporation 

I n  the  a r i d  Southwest as  much a s  84 inches of water per  year may be l o s t  
by evaporation from a t a i l i n g s  pond, and t h i s  i s  one of the major water l o s s e s .  



Evaporation from water su r face  i s  inf luenced by s o l a r  r a d i a t i o n ,  wind, 
a i r  temperature, and vapor pressure .  Since s o l a r  r a d i a t i o n  i s  an important 
f a c t o r ,  evaporation v a r i e s  wi th  l a t i t u d e ,  season,  time of day, and cloud 
cover .  

The National Weather Service Class A pan i s  used f o r  est imating evapora- 
t i o n  from lakes and r e s e r v o i r s .  I t  c o n s i s t s  of an unpainted galvanized i ron  
pan, 4 f e e t  i n  diameter and 8 inches deep, placed on a wood frame t o  al low a i r  
t o  c i r c u l a t e  completely around i t .  It is f i l l e d  d a i l y  t o  a depth of 8 inches 
f o r  12 t o  18 months, and evaporat ion i s  monitored. Addit ional  instruments can 
be i n s t a l l e d  near the  evaporat ing pan t o  r e l a t e  the measured evaporation i n  
t h e  pan t o  meteorological  f a c t o r s .  Some of these  instruments a re- -  

1. Wet- and dry-bulb thermometers f o r  a i r  and p r e c i p i t a t i o n  temperatures,  
vapor pressure,  and dew p o i n t s .  

2 .  Anemometer f o r  wind. 

3 .  P r e c i p i t a t i o n  gages--one nonrecording and one weighing-type recording 
gage .- 
Pan c o e f f i c i e n t s  ( r a t i o  of lake evaporat ion t o  pan evaporat ion)  a r e  used t o  
es t imate  the evaporat ion from lakes  and r e s e r v o i r s .  The evaporation from 
n a t u r a l  lakes and r e s e r v o i r s  i s  0.6 t o  0 .8  as  much a s  from the  Class  A pan, a 
c o e f f i c i e n t  of 0 .7  i s  a good average f i g u r e .  

Appendix A g ives  f u r t h e r  information on evaporat ion.  

Runoff 

Runoff must be considered i n  designing a mine t a i l i n g s  pond. The annual 
s p r i n g  runoff can b e s t  be assessed by even a few years  of records f o r  a given 
watershed. Where t h i s  information is not  ava i l ab le  and the  watershed i s  small ,  
hydraul ic  handbooks have simple equations t o  c a l c u l a t e  runoff  flow r a t e s .  The 
National  Weather Serv ice  has  maximum probable p r e c i p i t a t i o n  f o r  a genera l  a rea  
which can be used, and assuming a sa tu ra t ed  watershed, a runoff hydrograph can 
be drawn. The design must be made t o  handle t h e  100-year flood whether it i s  
by spi l lway,  d ivers ion  d i t c h ,  decant tower with discharge l i n e s ,  o r  pipe 
beneath the  embankment. 

I n  a reas  of high snowfal l  the  maximum r a i n  could occur i n  t h e  winter  on a 
deep snow pack wi th  above-freezing temperatures.  The runoff  could be 
increased by melting of a l a r g e  por t ion  of  t h e  snow, s o  t h a t  the  t o t a l  runoff 
could be even g r e a t e r  t h a n  t h e  t o t a l  r a i n f a l l .  

A r e l i a b l e  method f o r  es t imat ing  runoff volume and flow requ i re s  th ree  
s t e p s .  Step 1 is the  es t imat ion  of the  amount of p r e c i p i t a t i o n  i n  t h e  form of 
r a i n  o r  snow f o r  a du ra t ion  equal t o  the  time of concent ra t ion  f o r  the  a r e a .  
This  information is ava i l ab le  from t h e  National Weather Serv ice ,  as  a r e  t h e  
maximum storm and t h e  probable frequency of occurrences. Step 2 is  the  
assessment of t h e  runoff  l o s ses  i n  the  catchment a rea  by vegeta t ion ,  



evaporat ion,  i n f i l t r a t i o n ,  and s torage  i n  l akes ,  e t c . ,  a l l  depending on t h e  
c h a r a c t e r i s t i c s  of the  a rea .  This s t e p  can be el iminated by being on t h e  sa fe  
s i d e  and assuming a sa tu ra t ed  watershed, which o f t e n  happens when the  main 
storm i s  preceded by many days of r a i n .  

Step 3 then assumes t h a t  a l l  the  p r e c i p i t a t i o n  i s  runoff and t h e  timing 
and quan t i ty  of the maximum flow a r e  t h e  only problems. A few years '  record 
of p r e c i p i t a t i o n  and streamflow i n  t h a t  drainage w i l l  show t h e  shape of the 
hydrograph, which should be more accura te  than a  syn the t i c  streamflow hydro- 
graph. (Synthetic hydrographs a r e  drawn from genera l ized  da ta  a v a i l a b l e  on 
published c l ima t i c  maps and records from adjacent  a r e a s . )  To obta in  o n s i t e  
information recording and nonrecording r a i n  gages, a  snow s to rage  gage, and a  
recording streamflow measurement gage a r e  necessary.  Streamflbw measurements 
a r e  a l s o  required t o  determine the  s tage-discharge r e l a t i o n s h i p  of the  stream 
gage.  

The National Weather Serv ice  has records  of p r e c i p i t a t i o n ,  and t h e  Water 
Resources Division of the USGS has streamflow records and hydrographs which 
can  supply information f o r  a  s p e c i f i c  watershed not  d i r e c t l y  covered by t h e i r  
streamflow gages. 

SUBSURFACE EXPLORATION 

Two main goals  of subsurface inves t iga t ions  a r e  t o  f ind  evidence of pre-  
v ious  mining operat ions and t o  determine t h e  p o s s i b i l i t y  of f u t u r e  mining 
under t h e  dam area  s ince  such mines may col lapse  due t o  t h e  add i t iona l  loading 
caused by the  impoundment. Caving or  sublevel  s toping without f i l l  can  cause 
f r a c t u r i n g  f a r  from t h e  a c t u a l  mine and allow t a i l i n g s  from a superimposed 
t a i l i n g s  pond t o  run  i n t o  t h e  mine. 

Surface t renching and t e s t  p i t s  a r e  t h e  most economical method of sam- 
p l i n g  t o  obta in  the physical  p r o p e r t i e s ,  q u a n t i t i e s ,  and q u a l i t y  of ma te r i a l s  
f o r  dam bui ld ing ,  drainage,  f i l t e r s ,  e t c .  D r i l l i n g  may be necessary i n  the  
deeper overburden using such d r i l l i n g  equipment as  a  wash boring machine wi th  
c a s i n g ,  churn d r i l l ,  r o t a r y  d r i l l  us ing  mud, diamond d r i l l ,  hammer d r i l l  using 
cas ing  with a i r ,  or  Becker4 hammer d r i l l  without cas ing  using a i r .  Shelby 
tube  samples, sp l i t - spoon samples fo r  pene t r a t ion  r e s i s t a n c e ,  and d is turbed  
samples may be obtained from t h e  d r i l l  ho les .  The Becker d r i l l  d e l i v e r s  a  
continuous dis turbed sample but  i s  l imi ted  where l a rge  hard boulders a r e  
encountered. Power augers with hollow stem and continuous f l i g h t  augers allow 
sampling through t h e  hollow stem without cas ing  but  a re  a l s o  l imi ted  t o  small  
g rave l  and f i n e r  s o i l s .  

I f  the subsoi l  i s  very  competent and uniform, a  minimum amount of  d r i l l -  
i n g  w i l l  be requi red ,  but  i f  it i s  e r r a t i c  with s e a p  of c l a y ,  s o f t  sand,  or  
many d i s s imi l a r  s o i l s ,  enough d r i l l i n g  should be done t o  o b t a i n  a  s o i l  
p r o f i l e .  

4Reference t o  s p e c i f i c  t r ade  names does not  imply endorsement by the  Bureau of 
Mines. 



The foundation borings should be deep enough t o  determine the subso i l  
c h a r a c t e r i s t i c s  w i th in  t h e  depth a f f ec t ed  by the s t r u c t u r e .  A competent foun- 
d a t i o n  ma te r i a l  i s  not  d i f f i c u l t  t o  a t t a i n  i n  most i n s t ances ,  but  t h e r e  a r e  
problem areas  t h a t  should be mentioned including buried t a l u s  depos i t s  t h a t  
a r e  very pervious, s o l u t i o n  c a v i t i e s  i n  l imestone, and s o f t  seams i n  an o the r -  
wise competent c l a y .  Another problem i s  deep overburden where nea r ly  a l l  t h e  
seepage goes out  t h e  bottom of t h e  pond and n o t  out  t h e  downstream face  where 
i t  can  be reused or  monitored f o r  q u a l i t y  before going i n t o  t h e  drainage.  
This w i l l  become inc reas ing ly  important i n  the  fu tu re  when seepage i n t o  the 
groundwater w i l l  not  be t o l e r a t e d .  Shallow overburden with an impervious 
bedrock i s  good because a  t r ench  can be c u t  i n t o  t h e  bedrock t o  ca t ch  and con- 
t r o l  t h e  seepage. 

Logging Tes t  Holes 

Typical forms f o r  logging t e s t  hole o r  p i t  samples a r e  shown i n  f igu re  5;  
f i g u r e  6 is  a  key f o r  explora t ion  logs .  Dif ferent  observers should t r y  t h e i r  
b e s t  t o  s tandardize  t h e i r  i n t e r p r e t a t i o n  bf var ious  ma te r i a l s  encountered and 
t e s t e d .  Logging of samples should be done by a  t r a ined  s o i l s  engineer ,  who 
should be on the job continuously during sampling t o  keep records up t o  da te ,  
and t h e  logs should be prepared i n  f i n a l  form as  soon a s  poss ib le  a f t e r  t h e  
ho le  i s  completed. Hvorslev (28) t r e a t s  t h i s  sub jec t  i n  considerable d e t a i l .  

Complete and accura te  d e t a i l  of t h e  samples taken from t e s t  p i t s  and 
d r i l l  holes i s  c r i t i c a l  f o r  c o r r e c t  ana lys i s  of an embankment s i t e .  Logs 
should be kept of the  e l eva t ions  and thicknesses of the var ious  s t r a t a  o r  
horizons t h a t  a r e  encountered. I n  add i t ion ,  the  c o l o r ,  s t r u c t u r e ,  estimated 
t e x t u r a l  c l a s s i f i c a t i o n ,  and any o the r  iden t i fy ing  c h a r a c t e r i s t i c s  of the  s o i l  
i n  each horizon should be  noted.  'Ihe des ignat ion  of the t e x t u r a l  c l a s s  of a  
s o i l  i n  the  f i e l d  i s  only  a  temporary i d e n t i f i c a t i o n  procedure which w i l l  be 
modified o r  made permanent a f t e r  the r e s u l t s  of a  labora tory  ana lys i s  become 
ava i l ab le .  However, t h e  personnel of a  s o i l  survey p a r t y  may become q u i t e  
p r o f i c i e n t  i n  es t imat ing  the t e x t u r a l  c l a s s i f i c a t i o n  by v i s u a l  examination i n  
t h e  f i e l d .  

D r i l l i n g  and sampling f o r  s i t e  i n v e s t i g a t i o n  should a l s o  include t h e  loca-  
t i o n  of burrow mate r i a l  f o r  dam cons t ruc t ion .  Sampling should follow t h e  same 
p a t t e r n  as  f o r  foundations and be extens ive  enough t o  assure  an ample supply 
of the needed ma te r i a l  a s  c l o s e  t o  the  dam s i t e  a s  poss ib l e .  
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Sampling 

Samples are c l a s s i f i e d  according to  sampling procedures used: wash sam- 
p l e s ,  disturbed samples, and undisturbed samples. Table 2 shows the sampling 
methods for various s o i l  types. 



TABLE 2. - Sampling methods f o r  va r ious  s o i l  types 

Type of s o i l  

Common cohesive  
and p l a s t i c  
s o i l s .  

S l i g h t l y  cohe- 
s i v e  and 
b r i t t l e  s o i l s  
inc lud ing  s i l t  
loose  sand 
above ground 
water .  

Very s o f t  and 
s t i c k y  s o i l s .  

Sa tu ra ted  s i l t  
and loose 
sand.  

Compact o r  
s t i f f  and 
b r i t t l e  s o i l s  
inc lud ing  
dense sand,  
p a r t i a l l y  
d r i e d  s o i l s .  

Methods of bor ing 
(methods shown i n  
parentheses are 

r a r e l y  used) 

isplacement ,  wash 
auger continuous 
sampling (percus - 
s i o n ,  r o t a r y ) .  

s above, bu t  keep 
bor ing d r y  f o r  
undis turbed sam- 
p l i n g  above graunm 
water .  

i splacement ,  wash 
b a i l e r s ,  sand 
pumps, cont inuous 
sampling (auger ,  
r o t a r y ) .  

i splacement ,  wash 
b a i l e r s ,  sand 
pumps, cont inuous 
sampling ( ro ta ry )  

a s h ,  auger s ,  p e r -  
cuss ion ,  r o t a r y  
cont inuous 
sampling. 

Reconnaissance 
e x p l o r a t i o n ,  r e p r e -  

s e n t a t i v e  samples 
(sampling i n  bor ings  
o f  each s i g n i f i c a n t  

s t r a tum,  5-foot  
maximum spacing)  

u g e r s ,  1- t o  2-inch 
p i s t o n  o r  open-dr ive  
sampler.  

:lit o r  cup sampler,  
1- t o  2-inch p i s t o n  
or apen-dr ive  sam- 
p l e r  (core r e t a i n e r s  
used) .  

18 above, r e l e a s e  s t a -  
t i o n a r y  p i s t o n  be fo r t  
any i n t e n t i o n a l  
overdr iving . 

.ugers and 1- t o  2- 
inch  th ick -wa l l  
p i s t o n  o r  open-drive 
sampler.  

Detai led exp lo ra t ion ,  
smal l  undis turbed 

samples (sampling i n  
bor ings  , continuous 

samples,  2- t o  3-inch 
diameter)  

> in -wa l l  d r ive  sampler 
,pen o r  w i t h  s t a t i o n a r y  
>r f r e e  p i s t o n .  

, in-wal l  d r i v e  sampler 
~ i t h  s t a t i o n a r y  p i s t o n .  

t i n -wa l l  d r i v e  sampler,  
f r e e  or s t a t i o n a r y  
? i s t o n ,  2-inch diameter .  

sdium-wall open.drive or  
, i s t o n  sampler.  Hammer- 
ing may be requ i red  
( p a r t i a l  d i s t u r b a n c e ) .  

Spec ia l  exp lo ra t ion ,  
l a r g e  .undisturbed 

samples (sampling i n  
ba r ings  of c o n t r o l -  

l i n g  s t r a t a ,  4 -  t o  
6-inch diameter)  

h in-wal l  a r  composite 
d r ive  sampler wi th  f r e e  
or s t a t i o n a r y  p i s t o n  
(cu t ,  w i re ,  vacuum 
r e l i e f ) .  

h in-wal l  d r i v e  sampler,  
f r e e  o r  s t a t i o n a r y  
p i s t o n  (vacuum r e l i e f ) .  

h in-wal l  or composite 
d r i v e  sampler wi th  
s t a t i o n a r y  p i s t o n ,  
vacuum r e l i e f  r e q u i r e d .  

h in-wal l  d r i v e  sampler,  
free o r  s t a t i o n a r y  
p i s t o n ,  vacuum r e l i e f  o 
f r eez ing  bottom of 
sample r e q u i r e d .  

o re  bor ing may be b e t t e  
than  d r i v e  sampling, bu 
danger of contaminat ion 
i n  p a r t i a l l y  d r y  s a i l s .  

Surface  sampling, 
undis turbed samples 
and c o n t r o l  samples 
(sampling c l o s e  ' t o  
s u r f a c e ,  access ib le  

exp lo ra t ions  and 
e a r t h  s t r u c t u r e s )  

- t o  6-inch t h i n -  
w a l l  open-drive o r  
f r e e - p i s t o n  sampler,  
4 -  t o  8- inch advance 
t r i m .  8-  t o  12- 
inch-square box 
sample. 

s above, b u t  advance 
trimming or box sam- 
p l i n g  p r e f e r a b l e .  

- t o  6-inch t h i n -  
w a l l  open-drive o r  
s t a t i o n a r y  p i s t o n  
sampler,  danger of 
s o i l  movements and 
d i s tu rbance  before  
sampling. 

- t o  6-inch t h i n -  
wa l l  sampler,  open 
o r  f r e e  or  s t a -  
t i o n a r y  p i s t o n ,  4 -  
t o  8- inch advance, 
t r i m  sample, depress  
ground water l e v e l .  

- to 8-inch advance 
t r i m .  8 -  t o  12- 
inch-square  box of 
block samples.  
Auger core ba r ing .  
Bag sample and f i e l d  
dens i ty .  

G 



TABLE 2. - Sampling methods f o r  va r ious  s o i l  types--Continued 

Type of s o i l  

Hard, h ighly  com 
pacted o r  par-  
t i a l l y  cementet 
s o i l s ,  no grave'  
or s tones .  

Coarse g r a v e l l y  
and s tony  so i l s  
including cam- 
pac t  and coars* 
g l a c i a l  till.  

Gaseous or 
expanding s a i l :  
(organic  s o f t  
c l a y ,  s i l t ,  
s and) .  

Gradual o r  sud-  
den changes i n  
s o i l  proper t ie!  
w i t h i n  a singlc 
d r i v e .  

S o i l s  w i t h  
secondary 
s t r u c t u r e  

Methods of bor ing 
(methods shown i n  
parentheses  a r e  

r a r e l y  used) 

e rcuss ion ,  r o t a r y  
cont inuous 
sampling. 

e rcuss ion  b a r r e l  
auger ,  loosen by 
exp los ives ,  t h i c k  
wa l l  d r i v e  
sampler.  

ccording t o  s o i l ,  
but  keep bor ing 
f i l l e d  w i t h  water  
o r  d r i l l i n g  f l u i d  

s above, accordin) 
t o  b a s i c  s o i l  
t ype .  

Reconnaissance 
exploration, r e p r c -  

s e n t a t i v e  samples 
(sampling i n  bor ings  
of each s i g n i f i c a n t  

s t r a tum,  5 - foo t  
maximum svacing)  

b ick -wa l l  open-drive 
sampler.  Core 
bor ing.  

e r r e l  auger ,  t h i c k -  
wa l l  d r i v e  sampler 
(COTC r e t a i n e r ) .  

.s above, according tm 
b a s i c  s o i l  t ype .  

Detai led exp lo ra t ion ,  
smal l  undis turbed 

samples (sampling i n  
bor ings ,  continuous 

samples,  2- t o  3- inch 
diameter)  

h i c k - w a l l  open-drive o r  
p i s t o n  sampler.  Core 
b a r i n g .  Small-diameter 
samples,  o f t e n  p a r t i a l l y  
d i s t u r b e d .  

lot v r a c t i c a b l e  . . . . . . . . . . .  

h i n - w a l l  sampler wi th  
f r e e o r  s t a t i o n a r y  p i s t o n .  
Force c losed  sampler 
through expanded s o i l .  
Determine o r i g i n a l  sampll 
l eng th  and volume. Sea l .  
ing t o  prevent  expansion. 

a f e  l eng th  of sample 
inc reased  when p rogress -  
ing  from weak t o  f i rm 
s t r a t a  and v i c e  versa. 
Thin s o f t  s t r a t a ,  o f t c n  
d i s t u r b e d .  Withdraw 
a f t e r  pass ing  f i rm 
s t r a tum.  

.s above, according t o  
b a s i c  s o i l  t ype ,  but  t h e  
r e s u l t s  of s t r e n g t h ,  con. 
s o l i d a t i o n ,  and permea- 
b i l i t y  t e s t s  do not  
always r ep resen t  proper-  
t i e s  of undis turbed 
d e p o s i t .  

Spec ia l  exp lo ra t ion ,  
l a r g e  undis turbed 

samples (sampling i n  
bor ings  o f  ? m t r o l -  
l i n g  s t r a t a ,  4 -  t o  

6-inch diameter)  

ore bor ing p r e f e r a b l e  t o  
d r i v e  sampling. Danger 
of f l u i d  contaminat ion 
i n  permeable s a i l s .  

dvance f r e e z i n g ,  then 
core  bor ing .  

h in-wal l  sampler wi th  
f r e e  o r  s t a t i o n a r y  p i s t o n  
Force c losed  sampler 
through expanded s a i l .  
Determine o r i g i n a l  sampli 
l eng th  and volume. S e a l  
ing t o  prevent  expansion 

a f e  l eng th  of sample 
increased when p rogress -  
ing from weak t o  f i r m  
s t r a t a  and v i c e  v e r s a .  
Thin s o f t  s t r a t a ,  o f t e n  
d i s t u r b e d .  Withdraw 
a f t e r  pass ing f i r m  
s t r a tum.  

s above, according t o  
bas ic  s b i l  type,  but  t h e  
r e s u l t s  af strength, con 
s o l i d a t i o n ,  and permea- 
b i l i t y  t e s t s  do no t  
always r e p r e s e n t  proper-  
t i e s  o f  undis turbed 
depos i t .  

Surface  sampling, 
undis turbed samples 
and c o n t r o l  samples 
(sampling c l o s e  t o  
s u r f a c e ,  a c c e s s i b l e  

exp lo ra t ions  and 
e a r t h  s t r u c t u r e s )  

5-  t o  12-inch-square 
box samples o r  
i r r e g u l a r  b lock 
samples.  

5 -  t o  12-inch-square 
box samples,  bag 
sample, and f i e l d  
d e n s i t y .  

Thin-wall d r i v e  sam- 
p l e r ,  open o r  p i s t o n  
type .  Danger o f  
expansion of s o i l  
before  sampling. 

9s above, according 
t o  s o i l  type.  When 
p o s s i b l e ,  s epa ra te  
coarsc- and f i n c -  
gra ined s o i l .  

Large box o r  block 
samples. Large t e s t  
specimens. D e t a i l  
f i e l d  t e s t s  and 
obse rva t ions .  



Wash samples cons i s t  of d r i l l  c u t t i n g s  removed from the  hole  by c i r c u l a t -  
ing  a i r  o r  water ,  or  simply wash sand and g rave l  removed ahead of casing 
driven i n t o  t h e  s o i l  o r  by b a i l i n g  from a churn d r i l l .  The approximate s t r a -  
t igraphy and a prel iminary s o i l  c l a s s i f i c a t i o n  can be determined from wash 
samples, but  they a r e  not  r e l i a b l e  f o r  labora tory  t e s t i n g  o r  pos i t i ve  s o i l  
i d e n t i f i c a t i o n .  

Disturbed samples a re  obtained i n  thick-walled sample tubes such as  the  
sp l i t - spoon sampler and a r e  use fu l  f o r  genera l  c l a s s i f i c a t i o n  t e s t s  and s o i l  
i d e n t i f i c a t i o n  as  well  a s  gradat ion ,  s p e c i f i c  g r a v i t y ,  moisture con ten t ,  and 
Atterberg l i m i t s  (4-5).  - - They a re  not s u i t a b l e  fo r  s t r eng th  t e s t s .  

Undisturbed samples r equ i re  soph i s t i ca t ed  sampling equipment such as  
hollow-stem augers t h a t  r equ i re  no cas ing ,  and s p e c i a l  techniques a re  used t o  
preserve t h e  sample i n  i t s  na tu ra l  cond i t ion .  The most cormnon sampler i s  the  
Shelby tube ,  which i s  a thin-walled s t e e l  tube approximately 3 inches i n  
diameter and 24 or  30 inches long. It should be pushed i n t o  t h e  s o i l  by a  
s teady p res su re  such as  a  hydraul ic  ram and not be a  hammering a c t i o n .  It 
should be sealed t o  prevent  l o s s  of water  during handling and s torage  and 
should be t ransported i n  shock-proof con ta ine r s .  These undisturbed samples 
a r e  s u i t a b l e  f o r  a l l  l abora tory  t e s t s  such as  t r i a x i a l  and d i r e c t  shea r ,  
screen s i z e ,  dens i ty ,  moisture,  s p e c i f i c  g r a v i t y ,  and void r a t i o .  The r e s u l t s  
of these t e s t s  w i l l  r evea l  many c h a r a c t e r i s t i c s  of the i n  s i t u  s o i l  depos i t .  

Sampling from a d r i l l  hole  can be comparatively simple or  can r equ i re  a  
considerable degree of experience and ingenui ty ,  depending on the type of 
deposi t  and the  degree of dis turbance t h a t  i s  acceptable.  A r e l a t i v e l y  un i -  
form depos i t  may be sampled a t  5-foot  i n t e r v a l s ,  while  weaker o r  highly 
e r r a t i c  zones may requ i re  continuous sampling. 

I n  cohesive s o i l ,  c l a y ,  and sand and i n  some gravel ,  t h e  hollow-stem 
auger is  i d e a l  f o r  use with a  Shelby t u b e ,  p i s t o n ,  o r  sp l i t - spoon sampler.  A 
blow count fo r  r e l a t i v e  dens i ty  determinat ion can a l s o  be obtained with t h e  
sp l i t - spoon samples. It is impossible t o  g e t  Shelby tube samples i n  sa tura ted  
sand except wi th  t h e  cryogenic equipment t h a t  f reeze  only t h e  t i p  wi th  COz t o  
r e t a i n  t h e  sample i n  t h e  tube u n t i l  it can be removed from t h e  ho le .  I f  much 
gravel  i s  p re sen t ,  thick-wall  d r ive  samplers o r  b a r r e l  augers a re  used, which 
r equ i re s  ca re  and experience t o  obta in  good samples. 

Hamer d r i l l s  using a i r  and percuss ion  a r e  f requent ly  used i n  exploring 
sands, g rave l s ,  and even waste dumps conta in ing  coarse rock.  Samples from 
t h i s  d r i l l i n g  a r e  valuable as  i n d i c a t o r s  of the  mater ia l  i n  the  hole  but  a r e  
not  t r u l y  r ep resen ta t ive  because of degradat ion and segregat ion  of p a r t i c l e s  
i n  t r anspor t  up the  cas ing .  The a c t i o n  of the  d r i l l  can i n d i c a t e  i f  t h e  mate- 
r i a l  i s  coarse  boulders with voids o r  well-graded m a t e r i a l .  

Laboratory Tes t ing  

Grain Size  Di s t r ibu t ion  

The labora tory  procedures f o r  determining g r a i n  s i z e  i s  described i n  
ASTM 422-63 (American Society fo r  Test ing and Mater ia l s )  (3 ) .  I n  t h i s  proce- 
dure, the sample i s  divided i n t o  a  coa r se  f r a c t i o n  and a fTne f r a c t i o n ;  t h e  
coarse ma te r i a l  i s  mechanically separa ted  on seve ra l  screens and washed 
through a 200-mesh screen.  The f i n e  f r a c t i o n  i s  t e s t ed  by hydrometer o r  
Sedigraph t o  e s t a b l i s h  i t s  gradat ion .  



I f  the  s o i l ' s  g r a i n  s i z e  i s  q u i t e  v a r i a b l e ,  a  number of samples must be 
t e s t e d  t o  g e t  an envelope of  d i s t r i b u t i o n  curves t o  form a bas i s  f o r  assess ing  
some of the  s o i l ' s  o the r  c h a r a c t e r i s t i c s .  

Spec i f i c  Gravi ty and Void Rat io  

The s p e c i f i c  g r a v i t y  of  s o i l  p a r t i c l e s  is  determined by labora tory  t e s t  
ASTM D854-58 (1) . 

The void r a t i o  (e) i s  defined a s  t h e  r a t i o  of void volume t o  s o l i d  volume 
i n  a s o i l  mass. The void volume of a s o i l  mass i s  any volume not  f i l l e d  wi th  
p a r t i c l e s .  Therefore, the  void volume p lus  t h e  s o l i d  volume i s  equal  t o  the  
t o t a l  volume. 

G Yw V 
Void r a t i o ,  e  = 

W, 
minus 1, 

where G = s p e c i f i c  g r a v i t y  of s o i l  s o l i d s ,  

yw = u n i t  weight of water ,  

V = volume of t h e  mass, 

and W, = dry  weight of s o i l  g r a i n s .  

Re la t ive  Density 

The r e l a t i v e  dens i ty  i s  given by t h e  r e l a t i o n s h i p  

e  max -e 
JX = e max -e min X 100, 

where D r  = percent r e l a t i v e  dens i ty ,  

e max = void r a t i o  i n  s o i l ' s  l o o s e s t  s t a t e ,  

e  min = void r a t i o  i n  s o i l ' s  denses t  s t a t e ,  

and 3 = void r a t i o  i n  s i t u .  

P l a s t i c i t y  

The At terberg  limit t e s t s  (34) a r e  used t o  measure the consis tency of 
s o i l s  r e l a t e d  t o  t h e  amount of  w z e r  i n  t h e  system. There a r e  four s t a t e s  o r  
condi t ions  of the s o i l  i n  terms of " l i m i t s , "  a s  follows: 

1. "Liquid l i m i t , "  t h e  boundary between the  l i q u i d  and p l a s t i c  s t a t e s .  

2 .  ' P l a s t i c  l i m i t , "  t h e  boundary between the  p l a s t i c  and semisolid 
s t a t e s .  



3. "Shrinkage l i m i t , "  the  boundary between the  semisolid and s o l i d  
s t a t e s .  

4 .  The d i f f e rence  between the  f i r s t  two water content  values i s  the  
range of water content  over which the  s o i l  remains p l a s t i c  and i s  c a l l e d  the  
p l a s t i c i t y  index. This parameter i s  used i n  c l a s s i f y i n g  s o i l s  f o r  es t imat ing  
o ther  phys ica l  p rope r t i e s  which have been c o r r e l a t e d e m p i r i c a l l y  with t h e  
p l a s t i c i t y  index (Casagrande system). 

Compaction 

The moisture-densi ty r e l a t i o n s h i p  f o r  compacting s o i l  i s  obtained by the  
Standard Proctor  method (6) or  t h e  Modified Proctor  method ( 9 ) .  I n  the, e a r l y  
days of  compaction, when cons t ruc t ion  equipment was small  a d  gave r e l a t i v e l y  
low d e n s i t i e s ,  the  Standard Proctor  d e n s i t y  was the expected va lue  t o  be 
a t t a ined  i n  the  f i e l d .  As cons t ruc t ion  equipment and procedures were devel -  
oped which gave higher  d e n s i t i e s ,  the  Modified Proc tor  method with over 4-1/2 
times t h e  compactive e f f o r t  of the  Standard was adopted. 

A d e f i n i t e  r e l a t ionsh ip  e x i s t s  between t h e  water content  of a  s o i l  a t  the 
time of placement and t h e  amount of compactive e f f o r t  requi red  t o  achieve a  
given dens i ty .  I f  s i l t s  and c lays  a r e  too  wet or  t oo  dry,  the  maximum dens i ty  
w i l l  not be a t t a ined  with a  given compactive e f f o r t .  The ob jec t ive  of the  
labora tory  procedure i s  t o  determine t h e  optimum water content  and maximum 
dens i ty  f o r  the  spec i f i ed  compaction e f f o r t .  

Sands a r e  not  as  moisture dependent bu t  should be compacted e i t h e r  s a t u -  
r a t e d  or  completely dry t o  avoid the e f f e c t  of "bulking." 

Shear S t r eng th  

The shear  s t r eng th  of  a  s o i l  may be measured by t r i a x i a l  compression 
t e s t s  o r  d i r e c t  shear  t e s t s .  T r i ax ia l  t e s t s  measure the  shear s t r eng ths  under 
both drained and undrained condit ions wi th  t h e  sample maintained a s  near  f i e l d  
condit ions as  poss ib l e .  Direct  shear  t e s t s  can def ine  shear  s t r eng ths  under 
l imi ted  condi t ions  of moisture and confinement. 

Using the  shear s t r eng th  of a  s o i l  f o r  the  design of a n  e a r t h  s t a r t e r  dam 
f o r  t a i l i n g s  d i sposa l  is c o m n  p r a c t i c e .  I n  t h i s  case ,  t h e  s o i l  can be 
mechanically compacted t o  a  given d e n s i t y  where t h e  shear  angle ,  cohesion, 
permeabil i ty ,  e t c . ,  needed f o r  design can  a l l  be determined by labora tory  
t e s t i n g .  To determine t h e  same phys ica l  p rope r t i e s  f o r  t h e  t a i l i n g s  i s  a  b i t  
more d i f f i c u l t  because it i s  genera l ly  deposi ted hydrau l i ca l ly  with no compac- 
t i o n .  I f  an o ld  t a i l i n g s  pond i s  a v a i l a b l e  f o r  undisturbed sampling and t e s t -  
i n g ,  these f igu res  can be obtained and used t o  determine the  physical  
p rope r t i e s  and geometry of  the t a i l i n g s  dam. 

I f  an o l d  t a i l i n g s  pond i s  not  a v a i l a b l e ,  such a s  i n  the case  of an 
e n t i r e l y  new property,  some assumptions must be made as  t o  t h e  dens i ty  of the 
deposited ma te r i a l ,  from e i t h e r  l abora to ry  t e s t s  o r  information from another  
property wi th  t h e  same gr ind  and rock  types .  The screen  a n a l y s i s ,  mineralogy, 



pulp d e n s i t y  of depos i t ion ,  and cyclones,  i f  any, a f f e c t  the  ma te r i a l  charac- 
t e r i s t i c s  t h a t  determine t h e  shear  angle ,  cohesion, drainage,  e t c .  S o i l  shear 
s t r e n g t h  i s  a l s o  a f f ec t ed  by many t e s t  f a c t o r s  including such items a s  r a t e  
and method of loading,  p r i n c i p a l  s t r e s s  r a t i o s ,  degree of s a t u r a t i o n ,  drainage,  
r a t e  of specimen s t r a i n ,  and t o t a l  specimen s t r a i n .  I n  s e l e c t i n g  the  shear  
s t r e n g t h  parameters t h a t  a r e  t o  be used f o r  s p e c i f i c  analyses,  an es t imate  
must be made of the  probable s t r a i n s  and r a t e s  of pore pressure d i s s i p a t i o n  
under f i e l d  condi t ions ,  and a  dec is ion  must be made whether t o  use "peak" or  
" res idual"  shear s t r e n g t h  values t o  determine the  angle of i n t e r n a l  f r i c t i o n  
( )  General ly,  i f  the void r a t i o  (e) is  small ,  peak @ i s  used, and i f  e  is 
h igh ,  r e s i d u a l  @ is used. More t e s t i n g  i s  required t o  determine t h e  shear  
s t r e n g t h  c h a r a c t e r i s t i c s  of s o f t  s o i l  than  f i rm s o i l .  

T r i a x i a l  shear t e s t i n g  i s  a  very exaccing process t h a t  r equ i re s  good 
equipment and much t r a i n i n g  and experience,  and it is b e s t  l e f t  t o  s p e c i a l -  
is ts  i n  t h i s  f i e l d .  The sample must be taken with c a r e  i n  t h e  f i e l d ,  prepared 
f o r  t r a n s p o r t ,  and t ransported wi th  minimum disturbance.  I n  t h e  labora tory  
t h e  sample must be ex t r ac t ed  and placed i n t o  the  machine with extreme ca re .  
The unconsolidated, undrained (uu) t e s c  i s  described i n  ASTM D2850-70 (12) 
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because of i t s  use i n  s t a -  
b i l i t y  ana lys i s .  

Data obtained from 
shear s t r e n g t h  t e s t s  a r e  
normally presented i n  terms 
of e f f e c t i v e  s t r e s s e s .  
During t r i a x i a l  t e s t i n g ,  
both t o t a l  s t r e s s e s  and pore 
water pressures  a r e  measured, 
t h e  e f f e c t i v e  s t r e s s  i s  the 
t o t a l  s t r e s s  minus the  pore 
water pressure .  P l o t s  of 
e f f e c t i v e  s t r e s s  a t  t h ree  
d i f f e r e n t  confining p res -  
su res  f o r  s o i l  specimens a t  
f a i l u r e  a r e  presented i n  the 
form of Mohr c i r c l e s  i n  f i g -  
ure  7. The apparent cohe- 
s ion  (c)  i s  t h e  i n t e r c e p t  of 
the  e f f e c t i v e  angle of the 
i n t e r n a l  f r i c t i o n  angle (8) 
with t h e  shear  s t r e s s  l i n e .  
For a  noncohesive s o i l  t h i s  
i n t e r c e p t  would pass  through 
t h e  o r i g i n .  

(Mohr diagram showing envelope of soil strength in terms of 

effective stress, and relationship between effective and total stresses.) 

FIGURE 7. - Mohr diagram. 



Permeability 

Permeability depends on a number of factors. The main ones are-- 

1. The size of the soil grains. 

2. The properties of the pore fluid. 

3. The void ratio of the soil. 

4 .  The shape and arrangement of the pores. 

Permeability tests can be run on either disturbed or undisturbed repre- 
sentative samples, depending on the use to be made of the samples. If the 
material is to be moved mechanically and used to build the starter dam with 
borrow material or ra'ise the dike with tailings sand, the permeability should 
be measured at the density at which it is to be placed. The foundation mate- 
rial and the beach area of the tailings pond must be measured in an undis- 
turbed condition, because the layering and the difference in horizontal and 
vertical permeability cannot be duplicated in the laboratory. Granular soils 
should be measured by the constant head method, and the less permeable mate- 
rial by the falling head method. Range of permeabilities for various soil 
types are shown in figure 8 in centimeters per second (log scale). 

Consolidation Tests 

Consolidation tests determine the compressibility of the soil and the 
rate at which it will consolidate when loaded. The two most important soil 
properties furnished by a consolidation test are (1) the compression index 
(C,), which indicates the compressibility of the specimen and (2) the coeffi- 
cient of consolidation (C,), which indicates the rate of compression under a 
load increment. The data from a laboratory consolidation test make it pos- 
sible to plot a stress-volume strain curve, which often gives useful informa- 
tion about the pressure history of the soil. 

To predict the settlement of a structure such as a tailings dam in the 
field, a method of extrapolating laboratory test results for the settlement 
analysis is needed. Such analysis requires a specialist, and no further dis- 
cussion will be included in this text. The reader is referred to Lambe and 
Whitman (34) - and various other texts for comprehensive explanations. 

Highly compressible soils should be avoided for tailings areas because of 
the subsidence of the dam itself and the difficulty of maintaining decant 
lines and towers where settlement occurs under load. As an illustration of 
what can be expected of compressible clays, in one case the observed settle- 
ments ranged from 100 to 200 percent of the computed settlements. 

Consolidation test procedures are detailed in ASlM D2435-70T (11). - 
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Fie ld  Tes t ing  

Standard Pene t r a t ion  

The s t r eng ths  of cohesionless  s o i l s  may be est imated i n  the f i e l d  from 
the  standard pene t r a t ion  t e s t .  This t e s t  measured the  r e s i s t a n c e  of d r iv ing  
a  sp l i t - spoon sampler i n t o  the  s o i l  w i t h  a  140-pound weight dropping 30 inches.  
This sampler i s  1.375 inches i n  I D ,  2  inches i n  OD, and 2  f e e t  long. The num- 
ber  of blows requi red  t o  dr ive  the  sampler spoon 12 inches i s  c a l l e d  t h e  s t a n -  
dard pene t r a t ion  r e s i s t a n c e  (N va lue)  of t h e  s o i l .  Empirical r e l a t i o n s h i p s  
have been developed t o  allow c o r r e l a t i o n  of pene t r a t ion  r e s i s t a n c e  t o  r e l a t i v e  
dens i ty .  This r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  t ab le s  3  and 4 .  An approximate 
r e l a t i o n s h i p  between t h e  s tandard pene t r a t ion  blow count (N) and t h e  c o n s i s t -  
ency of the c l a y  i s  a l s o  shown i n  t a b l e s  3 and 4,  but  should be used only as  a  
guide.  

TABLE 3. - Approximate r e l a t i o n s h i p  between standard 
~ e n e t r a t i o n  and r e l a t i y e  dens i ty  and 

cons is tency  fo r  c o h e s ~ o n l e s s  s o i l s  

TABLE 4 .  - Approximate r e l a t i o n s h i p  between standard pene t r a t ion  
and r e l a t i v e  dens i ty  and cons is tency  

f o r  cohesive s o i l s  

Number of blows (N) per f o o t  of 
pene t r a t ion  

0 -  4 ............................. 
4-10 ............................. 

10-30. ............................ 
30-50 ............................. 
Over 50 . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Consistency l v e r y  s o f t 1  S o f t  I Firm I s t i f f  I Very I Hard 

Re la t ive  dens i ty  

Very loose .  
Loose. 
Medium. 
Dense. 
Very dense. 

Density 

Number of blows (N) per  foo t  
of pene t r a t ion  . . . . . . . . . . . . . .  

Unconfined compressive 
. . . . . . . .  s t r e n g t h  ( t o n s / f t 2 ) .  

Shelby tubes can be used t o  o b t a i n  the  inplace  u n i t  weight of cohesive 
s o i l s  i n  a  d r i l l  hole i n  most t a i l i n g s ,  sand, and s i l t  conta in ing  no gravel  or 
s tone  fragments.  I n  p i t s  and excavations t h e  sand cone method, ASTM D1556-64 
(S), the  rubber ba l loon method, ASTM D2167-66 ( l o ) ,  o r  t h e  nuclear  probe 
method, ASTM D2922-71 (g), can be used a t  s h a l c w  depths. A nuclear  moisture 
probe i s  a l s o  ava i l ab le  fo r  use i n  f i e l d  t e s t i n g .  

2  

Less than 
0.25 

2-4 

0.25 t o  
0.50 

4-8 

0 . 5  t o  
1 . 0  

8-15 

1 .0  t o  
2.0 

s t i f f  

15-30 

2 .0  t o  
4 . 0  

3 0  

More than 
4.0 



Shear S t rength  

A vane shear auger i s  used fo r  measuring the  shear  s t r e n g t h  of a  medium- 
t o - s o f t  c l a y  i n  s i t u .  It c o n s i s t s  of four  rec tangular  r i g i d  s t e e l  p l a t e s  
arranged a t  r i g h t  angles t o  each o ther  and a t tached t o  t h e  bottom of a  s t e e l  
rod .  The auger i s  forced v e r t i c a l l y  i n t o  t h e  s o i l  and i s  then  r o t a t e d  h o r i -  
zon ta l ly .  The torque required t o  t u r n  t h e  auger a  s u f f i c i e n t  amount t o  shear 
t h e  s o i l  on a  c y l i n d r i c a l  sur face  a t  the  outer  edge of t h e  vanes is  a  measure 
of  the  shearing s t r eng th  of the  s o i l .  S t a t i c  pene t r a t ion  t e s t s  such as  the  
Dutch cone a r e  used i n  boreholes t o  eva lua te  i n  s i t u  shear s t r e n g t h s .  Corre- 
l a t i n g  the information from vane shear  and s t a t i c  pene t r a t ion  t e s t s  t o  ge t  the  
i n  s i t u  shear  s t r eng ths  i s  the d i f f i c u l t  p a r t  of the  process and i s  f a r  from 
an exact s c i ence .  

A la rge-sca le  d i r e c t  shear t e s t  can be conducted i n  t h e  f i e l d  by 
enclosing a  specimen sample of s o i l  o r  rock  wi th in  a  s p l i t  box, and applying 
a  v e r t i c a l  load, a f t e r  which a  ho r i zon ta l  load i s  appl ied t o  the top h a l f  of 
t h e  box. The r a t i o  of the  shear s t r e s s  t o  t h e  normal s t r e s s  is obtained and 
analyzed a s  i n  the labora tory  test. 

Permeabil i ty  

Measuring the  permeabil i ty  of t h e  s o i l  i n  s i t u  i s  a  very  d i f f i c u l t  and 
expensive opera t ion ,  r equ i r ing  cons iderable  expe r t i s e .  The i n f i l t r a t i o n  t e s t  
measures t h e  r a t e  of seepage i n t o  a  d r i l l  ho le ,  we l l ,  o r  t e s t  p i t  under a  
f ixed  or  v a r i a b l e  head. The area  t e s t e d  must be below t h e  ground water l i n e  
o r  the r e s u l t s  w i l l  be erroneous. 

I n  t h e  pumping-out t e s t ,  water i s  pumped from a wel l  o r  t e s t  p i t  a t  a  
cons tant  r a t e ,  and t h e  drawdown of the water t a b l e  is  observed i n  we l l s  
placed a t  var ious  d is tances  from t h e  pump. This method i s  q u i t e  expensive 
because of the  number of wel l s  requi red  and the  pump i n s t a l l a t i o n  and pumping 
c o s t .  From these  measurements, the s o i l  permeabi l i t ies  can be ca l cu la t ed .  
This t e s t  i s  much more accura te  than c a l c u l a t i o n s  from undisturbed samples i n  
t h e  laboratory because of t h e  l a r g e  a reas  t h a t  can be measured and because it 
measures t h e  e f f e c t s  of the na tu ra l  s t r u c t u r e s ,  s t r a t i f i c a t i o n ,  and o r i e n t a -  
t i o n  of t h e  g ra ins  of t h e  s o i l  i n  i t s  n a t u r a l  s t a t e .  

DESIGN CRITERIA 

The procedure f o r  t h e  des ign  of t a i l i n g s  dams w i l l  usua l ly  involve t h e  
following: 

1. Se lec t  t h e  most promising s i t e  i n  r e l a t i o n  t o  t h e  p l an t  s i t e  f o r  low 
c a p i t a l  and opera t ing  c o s t ,  ease  of  opera t ion ,  and sa fe ty .  The s i t e  must con- 
form to  t h e  general  topography of t h e  a r e a ,  land ava i l ab le ,  and h a b i t a t i o n ,  
which w i l l  determine which of the  following types of dams a r e  requi red:  

A .  Cross v a l l e y  ( a l l  extraneous drainage through the  impoundment). 



B .  Cross v a l l e y ,  two dams ( a l l  extraneous drainage bypassed beneath 
the embankment by p i p e l i n e ) .  

C .  F l a t - a rea  dams on th ree  o r  four s ides  

D. Cross va l l ey ,  water-type dams. 

E .  Incised and b u i l t  up on four s i d e s .  

F .  Large area  with a  s e r i e s  of water-type dams between low h i l l s  or 
i n  saddles ,  no sp igot ing .  

2 .  From the  topographic map of the s to rage  a r e a ,  c a l c u l a t e  the  l i v e  
s torage  volume and p l o t  the r e s u l t s  i n  a s to rage  volume-elevation curve. On 
t h e  e leva t ion  s i d e ,  p l o t  the  time a l s o  because t h i s  i s  a  very  important f a c t o r .  
I f  the given area  cannot hold the  e n t i r e  mine output ,  a  dec i s ion  must be made 
as  t o  how high t h e  embankment i s  t o  be b u i l t  and i t s  u l t ima te  capac i ty .  

3 .  Determine drainage upstream from s t a r t e r  dam, and design decant l i n e s  
and towers t o  handle t o t a l  flow expected. 

4 .  I n  a  new property,  a  sample of t a i l i n g s  from t h e  p i l o t  m i l l  should be 
checked fo r  gradat ion ,  segregat ion from spigot ing  o r  cycloning, inplace  den- 
s i t y ,  and hor i zon ta l  and v e r t i c a l  permeabil i ty .  The gradat ion  of t h e  mater ia l  
w i l l  determine whether the t a i l i n g s  can be used f o r  embankment cons t ruc t ion  
( f i g s .  9-10), a s  f o l l a j s :  

A .  Coarse (0 t o  15 percent  minus 200 mesh), good 

B .  Medium (15 t o  50 percent  minus 200 mesh), gene ra l ly  good. 

C .  Fine (50 t o  80 percent  minus 200 mesh), quest ionable--only under 
spec ia l  condi t ions .  

D .  Slimes (100 percent minus 200 mesh, and 25 percent  minus 0.2 
micrometer), r e t a ined  by borrow mater ia l  only o r  water-type dam. 

5 .  Se lec t  a  t r i a l  embankment s e c t i o n  t h a t  u t i l i z e s  the  most economic and 
r e a d i l y  a v a i l a b l e  cons t ruc t ion  m a t e r i a l s .  Check t h e  su f f i c i ency  of t h i s  
s e l e c t i o n  by-- 

A .  From the  labora tory  t e s t s  ob ta in  the  dens i ty  of the  cons t ruc t ion  
mater ia l  a t  95 percent  of Standard Proc tor ,  the  permeabil i ty ,  and t h e  shear  
s t r eng th  and cohesion of  the cons t ruc t ion  and foundation ma te r i a l ,  and make a 
s t a b i l i t y  ana lys i s  u s i n g t h e  pore water pressures  wi th in  the  embankment and 
foundation. 

B .  A flow n e t  should be drawn t o  es t imate  the  pore water pressure  
r e s u l t i n g  from s teady seepage wi th in  t h e  embankment and pervious foundation. 
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FIGURE 9; - Gradation of metal mine tailings-coarse grind, low pulp density, mine A. 

C. If the foundation contains compressible strata, foundation pore 
pressures estimated on the basis of consolidation-time theory should be taken 
into account in the analysis and should be checked by field measurements dur- 
ing and after construction. (Properly constructed blanket drains should 
eliminate all pore water pressure from the foundation.) 

D. Repeat the stability analyses until a section has been found that 
has the required factor of safety. 

Again it must be emphasized that the parameters used in the analysis are 
of paramount importance for accuracy and are the most difficult to obtain for 
a new property. Probably the m s t  difficult and the most important is the 
phreatic line, which can be found by making a model of the tailings pond and 
getting horizontal and vertical permeabilities and using the finite-element 
method of determining the flow through the embankment (31). In making the 
model, the material must be discharged at the same grind and pulp density as 
it will be in actual operation. The permeabilities obtained in the samples of 
unconsolidated material will not be the same as that of the same material 
after consolidation, but the relative horizontal to vertical permeability will 
be approximately the same. The vertical sample could then be loaded in the 
consolidometer and permeabilities measured at various loadings to simulate 



FIGURE 10. - Gradation of metal mine toilings-fine grind, h igh  pulp density, mine 0; 

var ious  embankment he igh t s ,  and from t h i s  t h e  ho r i zon ta l  permeabi l i t ies  could 
be ca l cu la t ed  a t  the  same he igh t s .  

Small-volume , low-height embankments a r e  q u i t e  simple t o  design and oper - 
a t e .  I f  borrow mate r i a l  i s  r e a d i l y  a v a i l a b l e ,  an all-borrow dike may be 
d e s i r a b l e ,  or a small  s t a r t e r  dam wi th  sp igot ing  around t h e  per iphery  and the 
embankments r a i s e d  with t a i l i n g s  sand may be t h e  most economical. 

Generally when the  u l t ima te  he ight  of t h e  dam i s  t o  be only 50 t o  100 
f e e t ,  s t a b i l i t y  i s  not  a problem, provided good opera t ing  procedures and 
reasonable s lopes  a re  used and the  annual r i s e  i s  kept low. The s i t e  s e l e c -  
t i o n  sampling and t e s t i n g  a r e  s t i l l  necessary t o  be sure t h a t  the foundation 
i s  s u f f i c i e n t l y  s t rong t o  accommodate t h e  weight t o  be placed on i t .  

Embankments need a s t a r t e r  dam t o  provide s u f f i c i e n t  freeboard t o  prevent 
overtopping a t  the  s t a r t  and t o  provide water s torage  f o r  c l a r i f i c a t i o n  and 
reclaim. Large operat ions i n  a narrow v a l l e y  may r e q u i r e  an ex t r a - l a rge  
s t a r t e r  dam because of the  small  i n i t i a l  acreage,  or  they  should have two or  
more s i t e s  i n  use a t  the  s t a r t  of opera t ions .  Annual r i s e  i s  very c r i t i c a l  
and can cause t roub le  i f  it i s  too r ap id .  As much a s  10 yea r s '  leadtime may 
be  required before a s i n g l e  s i t e  could handle t h e  t o t a l  tonnage i n  a l a rge  
opera t ion .  



Upstream Method 

Among the more popular types of tailings dam configurations is the 
upstream method, which gets its name from the fact that it is constructed from 
the starter dam in lifts which are successively placed on the dam in an 
upstream direction. With the upstream method the starter dike is at the down- 
stream toe and should be more pervious than the tailings sand or have drains 
on the upstream side of the starter dam that would prevent the water from 
accumulating there. With the drains as mentioned, the starter dam can be 
built of a suitable material with a high shear strength even if it is rela- 
t ively impervious. ~~~ 

The coarse sand spigoted around the periphery of the tailings pond makes 
a good material for embankment construction. It should be well compacted and 
kept below saturation to prevent liquefaction. A stability analysis of the 
proposed embankment is necessary to determine if it can be safely built. If 
the design proves to be unstable, additional compaction or a flatter down- 
stream slope may be necessary. 

Downstream Method 

The downstream method of building tailings dams results in the centerline 
of the dam moving downstream as the height of the dam increases. 

This method of building tailings embankments should have a relatively 
impervious starter dam at the upstream toe if water retention is important. 
Cyclones are used for production of the building material, which drops out on 
the downstream side, and the overflow, which is piped lOOf feet toward the 
upstream side. One disadvantage of this method is the cost of maintenance and 
operation of the cyclones. Another disadvantage is the successively larger 
amounts of material necessary with each foot rise in height of the embankment. 
The cycloned product may not be very uniform because of cyclone wear and pres- 
sure fluctuations to the cyclones. Drainage blankets should be placed down- 
stream from the toe dam on top of the natural soil prior to depositing the 
cycloned sand, to prevent buildup of water within the structure. 

Centerline Method 

The centerline method is similar to the downstream method in that a 
cyclone is used to separate the sand and fines, but the centerline of the dam 
remains above the starter dam and is ideally suited to small operations where 
the pipe can be suspended vertically in the air with cyclones attached 
directly to it. Another system used to construct the centerline method is to 
have the cyclone cluster mounted on a truck (similar to that used on some 
downstream ponds) that moves slowly across the top of the dam depositing the 
underflow in front of the truck in the direction of travel and the overflow 
onto the upstream side of the dam. In this way the truck makes its own road- 
way and can raise the embankment as high as 30 feet in one pass across the 
dam, provided there is room for the overflow fines. This has the advantage of 
concentrating all the cyclones in one spot for easier maintenance and 



opera t ion  and b e t t e r  c o n t r o l  of the  pressure t o  t h e  cyclones. It a l s o  
r equ i re s  ve ry  l i t t l e  d a i l y  c a r e .  

Some re sea rch  should be done on these  l a s t  two methods t o  determine how 
high  the  dams can be b u i l t  and t h e  loca t ion  of the  ph rea t i c  sur face  i n  t h e  
embankment. 

Upstream Method With Cyclones 

Another method t h a t  i s  being used success fu l ly  i s  t h e  upstream method 
wi th  cyclones. This method i s  s i m i l a r  t o  t h e  upstream method wi th  sp igo t s  i n  
t h a t  it has a s t a r t e r  dam and d ra ins  i f  needed, but  the  s l u r r y  goes t o  a 
cyclone mounted on a 12-foot tower upstream from t h e  header p ipe .  The under- 
flow drops out  d i r e c t l y  below the  cyclone and around t h e  tower, and t h e  over-  
flow i s  piped 150+ f e e t  i n t o  t h e  pond. The sand forms a s lope  of 3 : l .  The 
cyclones a r e  r a i s e d  t h r e e  successive times t o  an embanlanent height  of 35 f e e t ,  
t h e  top i s  leve led  off  to  a 30-foot-wide berm and roadway, and the  header pipe 
i s  then r a i s e d  and t h e  cyc le  repea ted .  The o v e r a l l  s lope on t h e  downstream 
face  i s  about 4:1, which i s  very f l a t  f o r  a metal mine t a i l i n g s  embankment but  
very good f o r  s t a b i l i t y .  

Some re sea rch  needs t o  be done on the s t a b i l i t y  of t h i s  type of  operat ion 
because t h e  e f f e c t  of the weight of sand on top of the  s l ime i s  not  known. 
The sand-slime i n t e r f a c e  is  jagged, allowing t h e  water t h a t  i s  squeezed out  of 
the slime t o  escape e a s i l y  i n t o  t h e  sand. This method a l s o  p laces  the  c l e a r  
water pool c l o s e  t o  the  dam, but  the seepage through t h e  dam probably i s  l i m -  
i t e d  by t h e  low permeabil i ty  of t h e  s l ime.  This system a l s o  has the c l e a r  
wa te r - so i l  con tac t  a t  t h e  upstream edge of the  pool,  which allows s u b s t a n t i a l  
t a i l i n g s  water seepage i f  the na tu ra l  s o i l  i s  pervious.  This i s  a very s e r i -  
ous disadvantage where contamination of the  ground water must be reduced t o  
t h e  minimum. 

Other sec t ions  conta in  d e t a i l s  on s i t e  and mater ia l  i nves t iga t ions  and 
methods of se t t lement ,  seepage, and s t a b i l i t y  ana lys i s  f o r  t a i l i n g s  embank- 
ments. Instrumentat ion,  slopes,-and f a c t o r  of s a f e t y  under var ious  condit ions 
a r e  a l so  suggested. 

S t a r t e r  Dam Design 

The s i t e  i nves t iga t ion ,  inc luding  t renching ,  d r i l l i n g ,  sampling, and l a b -  
ora tory  t e s t i n g ,  should ind ica t e  the type,  q u a n t i t i e s ,  and phys ica l  proper t ies  
of  the foundation mater ia l  i n  t h e  dam a rea .  From t h i s  information and the  
p rope r t i e s  of the t a i l i n g s ,  the  s t a r t e r  dam can be designed. The ma te r i a l  
ava i l ab le  fo r  cons t ruc t ion  of the  dam i s  most f requent ly  borrow mate r i a l  from 
wi th in  the  d i sposa l  a rea .  I f  t h i s  i s  mostly c l ean  sands and g rave l s  wi th  high 
permeabil i ty ,  a pervious s t a r t e r  dam can be b u i l t .  I f  i t  i s  predominantly 
c l a y  mixed with s i l t s ,  sand, and g rave l s ,  an impervious s t a r t e r  dam wi th  f i l -  
t e r s  and d ra ins  should be b u i l t .  Overburden or  waste rock from open p i t  o r  
underground opera t ions  can a l s o  be used. The ma te r i a l s  used should be those 
t h a t  can produce adequate s t a b i l i t y  a t  l e a s t  c o s t .  



Pervious S t a r t e r  Dam 

~ x c a v a t i o n ' f o r  the base of  t h e  s t a r t e r  dam should be down t o  a competent 
s o i l  t h a t  w i l l  withstand t h e  weight contemplated. A l l  t h e  organic s o i l ,  
t r e e s ,  and brush should be removed. On a smooth rock foundation wi th  a 5-  t o  
10-percent s lope ,  a t rench  c u t  i n t o  bedrock may be needed t o  key t h e  dam t o  
t h e  rock.  Foundation de fec t s  such a s  open cracks i n  the  bedrock, c l a y  seams, 
bur ied  coarse t a l u s  depos i t s ,  o r  pervious foundation s o i l s  should a l l  be 
remedied. Loose and p ipable  ma te r i a l  should be excavated, and open cracks 
should be f i l l e d  t o  prevent p ip ing  under t h e  dam. 

A l l  t h e  poss ib l e  problems and condi t ions  f o r  a l l  s i t u a t i o n s  cannot be 
contemplated. Actual t reatment  of t h e  foundat ion depends on condi t ions  
exposed i n  the f i e l d  and must be solved the re .  Seepage through o r  beneath t h e  
s t a r t e r  dam i n  t h i s  case i s  not  bad except t h a t  it must be con t ro l l ed  s o  t h a t  
i t  does not  lead t o  p ip ing .  On deep al luvium most of t h e  seepage would go out  
t h e  bottom of t h e  pond wi th  p a r t  of  it flowing under the  dam. 

A pervious s t a r t e r  dam should have a permeabil i ty  of  loa  t o  l o 4  c e n t i -  
meters per second, but  t h e  main c r i t e r i o n  i s  t h a t  i t  have a higher  permeabil- 
i t y  than t h e  sands it i s  r e t a i n i n g .  It i s  necessary t h a t  t h e  s t a r t e r  dam not 
r e t a i n  water s o  t h a t  the  ph rea t i c  su r face  h i t s  a s  low as  poss ib l e  on t h e  
upstream face  and does not  emerge on the  downstream face. A l l  t h e  water t h a t  
reaches t h e  s t a r t e r  dam must go f r e e l y  through i t  t o  a c o l l e c t i o n  pond below 
t h e  downstream toe .  The sand-gravel mix must be placed i n  t h i n  l aye r s  and 
compacted t o  95 percent  of  Proc tor  t o  in su re  s t a b i l i t y  while  allowing flow 
through t h e  dam. The borrow p i t s  i n  t h e  ma te r i a l  used f o r  cons t ruc t ion  of t h e  
dam should be t e s t e d  f o r  permeabi l i ty  i n  the  labora tory  a t  Standard Proc tor  
d e n s i t y  and t h e  ma te r i a l  should be placed i n  the  dam s o  t h a t  t h e  permeabil i ty  
inc reases  downstream and t h e  o v e r a l l  permeabil i ty  i s  g r e a t e r  than  t h a t  of  t h e  
sand being impounded. 

Impervious S t a r t e r  Dam 

I f  a l l  o r  most of  t h e  borrow a v a i l a b l e  f o r  cons t ruc t ion  wi th in  economical 
haul ing d i s t ance  of the s i t e  is  a r e l a t i v e l y  impervious ma te r i a l ,  o r  i f  t h e  
"downstream method" of p lac ing  t a i l i n g s  i s  t o  be used, an impervious s t a r t e r  
dam should be b u i l t .  

The method of cons t ruc t ion  f o r  the  impervious s t a r t e r  dam i s  t h e  same a s  
f o r  the penrious dam. Compaction should be 95 percent  of Standard Proc tor ,  
and the  foundation excavation and p repa ra t ion  should be t h e  same. For t h e  
ord inary  upstream method of placing sands,  t h e  s t a r t e r  dam should have d ra ins  
t o  ca tch  a l l  t h e  seepage water and l e t  i t  pass  f r e e l y  under the  s t a r t e r  dam i n  
p ipe  o r  blanket  dra ins .  Under no condi t ions  should the  s t a r t e r  dam r e t a i n  
water  aga ins t  i t s  upstream faceTecause  it would become sa tu ra t ed  and uns table .  
Under these condi t ions  the  seepage could emerge high on the  sand face above 
t h e  top of the  s t a r t e r  dam, and remedial measures would be necessary.  These 
remedial measures a r e  described elsewhere but  a r e  no s u b s t i t u t e  f o r  proper 
drainage,  des ign ,  and cons t ruc t ion .  The u l t ima te  he ight  t h a t  the dam could be 
b u i l t  i s  m a t e r i a l l y  reduced i f  a high p h r e a t i c  l i n e  i s  generated.  
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FIGURE 11. - Downstream method showing both dams. 

With the  downstream method, t h e  s t a r t e r  dam i s  a t  the  upstream t o e  of t h e  
completed dam. It can  and should be impervious r e l a t i v e  t o  t h e  sand and 
r e t a i n  water as  much a s  poss ib l e .  The seepage t h a t  eventua l ly  goes through 
and over t h e  top of the s t a r t e r  dam w i l l  move down through t h e  more pervious 
sand and i n t o  t h e  d ra ins  between the s t a r t e r  and downstream t o e  dam ( f i g .  11) .  
The s t a b i l i t y  of t h i s  s t a r t e r  dam i s  not  a problem because it even tua l ly  i s  
completely surrounded by t a i l i n g s  sand on i t s  top and downstream and by s l imes 
upstream. 

The area  between the  upstream s t a r t e r  dam and t h e  downstream t o e  dam must 
have blanket  o r  s t r i p  d ra ins  t o  ca t ch  a l l  t h e  seepage and d r a i n  i t  o u t  t o  a 
holding pond where i t  can be recycled o r  discharged. These d ra ins  would not  
be necessary i f  the  cyclone sand were >I00 times the  permeabil i ty  of t h e  
s t a r t e r  dam. 

The s teeper  t h e  t e r r a i n  and narrower t h e  v a l l e y ,  t h e  higher  the s t a r t e r  
dam must be. I f  many years of leadtime a r e  ava i l ab le  and the  a rea  can be 
r a i sed  slowly, a small  s t a r t e r  dam can be used, allowing t h e  sand t o  bui ld  up 
t o  an e l eva t ion  where the  a rea  i s  l a r g e  enough t o  take t h e  e n t i r e  output  
continuously. 

Two complete and separa te  a reas  a r e  d e s i r a b l e  i n  order  t o  al low deact iva-  
t i o n  of one-area t o  d ra in ,  bu i ld  sand dams, r a i s e  p ipes ,  e t c . ,  while  the  o the r  
area i s  a c t i v a t e d .  A t  s t a r t u p ,  with l a rge  tonnage, t h e  f i l l  time i s  q u i t e  
shor t  even with two a r e a s ,  and drainage may be t h e  l i m i t i n g  f a c t o r .  They may 
not  d r a i n  f a s t  enough t o  allow t h e  necessary time t o  r a i s e  t h e  dams wi th  t h e  
sand. When t h e  o r i g i n a l  ground i s  s t eep  (5- t o  10-percent s l o p e ) ,  t h e  dra ins  
may not be ab le  t o  handle t h e  water  because t h e  pond a rea  i s  small and t h e  
r a t e  of  r i s e  i s  f a s t .  I n  t h i s  case ,  standby a reas  should be.provided t o  take 
c a r e  of emergencies. 

Drainage 

From the  des igne r ' s  viewpoint,  it i s  d e s i r a b l e  t o  promote drainage of 
water from t h e  t a i l i n g s  pond i n  order  t o  keep t h e  ph rea t i c  sur face  a s  low as  



poss ib l e  and he lp  the consol ida t ion  and s t a b i l i t y  of t h e  embankment. For t h i s  
reason,  the  r e l a t i v e l y  pervious t a i l i n g s  dam i s  the  most common des ign  used. 
It is a l s o  t h e  cheapest  because it can be b u i l t  from the  coarse  f r a c t i o n  of 
t a i l i n g s  o r  from r e a d i l y  a v a i l a b l e  borrow m a t e r i a l ,  such a s  i s  now used i n  the  
F lo r ida  phosphate mines. The impervious t a i l i n g s  dam i s  t h e  l e a s t  cormnon type 
and i s  only  used where it i s  necessary t o  r e t a i n  po l lu t ed  water  o r  low-density 
s o l i d s  t h a t  a r e  slow t o  consol ida te .  I n  e i t h e r  type of dam, t h e  s t a b i l i t y  of 
t h e  dam i s  of paramount importance and necessary provis ions  must be made t o  
c o n t r o l  seepage through and under t h e  embankment and t o  c o n t r o l  su r face  runoff 
i n t o  the  pond. 

Water c o n t r o l  i n  a  t a i l i n g s  pond i s  probably t h e  most c r i t i c a l  s i n g l e  
des ign  i tem a f f e c t i n g  s lope  s t a b i l i t y ,  followed by (1) weak foundat ions,  
(2) s lopes  t h a t  a r e  too s t eep  and too h igh ,  and (3) low d e n s i t y  of the  mate- 
r i a l  i n  the d ike  and on t h e  beach. F a i l u r e s  a r e  o f t e n  caused by overtopping 
of pond water ,  by p ip ing  of f i n e  ma te r i a l s  because of seepage through t h e  
embankment o r  foundation, and by p ip ing  along the ou t s ide  of decants and c u l -  
v e r t s  because of the  l ack  of o r  inadequate seep r ings .  The phys ica l  rup tu re  
of a  decant l i n e  or decant tower allows p ip ing  i n t o  t h e  l i n e  from t h e  t a i l -  
i n g s ,  which i s  nea r ly  impossible t o  remedy. I n s u f f i c i e n t  leadtime i n  con- 
s t r u c t i n g  a d i sposa l  a rea  can cause too  r ap id  annual r i s e  of the pond and 
b r ing  about sudden f a i l u r e .  Poor opera t ing  p r a c t i c e s ,  such as  f a i l u r e  t o  
c o n t r o l  the s i z e  or l oca t ion  of the c l e a r  water pond, can do the  same th ing .  

Unwanted seepage through t h e  bottom of  a  t a i l i n g s  pond i n  a  r e l a t i v e l y  
l e v e l  a rea  wi th  deep pervious alluvium can be tremendous a t  the  c l e a r  water-  
s o i l  contac t .  A layer  of s l imes reduces t h i s  seepage considerably,  but  wi th  
a  normal sp igot ing  opera t ion  t h e  s l ime i s  below the  area  of  con tac t ,  leaving a  
wa te r - so i l  con tac t  50 t o  100 f e e t  o r  more wide unless  s p e c i a l  e f f o r t  i s  made 
t o  p lace  a  s l ime layer  over t h e  e n t i r e  a rea  f i r s t .  

Drains 

The p o s i t i o n  of the  ph rea t i c  su r face  i n  an embankment i s  very c r i t i c a l  
f o r  i t s  s t a b i l i t y .  Of a l l  the  f a c t o r s  c o n t r o l l i n g  s t a b i l i t y ,  the  con t ro l  of 
water  wi th in  the  embankment i s  by f a r  the  most important.  For example, a  
s lope  composed of cohesionless  sand having a  t o t a l  u n i t  weight of 120 pounds 
per  cubic foo t  and an angle of i n t e r n a l  f r i c t i o n  of 35' w i l l  remain s t a b l e  a t  
a n  angle of 35" r ega rd le s s  of the  he ight  of the s lope ,  providing the  ph rea t i c  
su r face  is below t h e  t o e  of the  s lope .  I f  the ph rea t i c  su r face  i s  ' raised t o  
e x i t  the  downstream face of the  s lope ,  the  s t e e p e s t  s t a b l e  angle i s  reduced t o  
approximately 18' (20). 

A r e l a t i v e l y  impervious s t a r t e r  dam very d e f i n i t e l y  r equ i re s  drainage on 
t h e  upstream s i d e ,  and a  pervious s t a r t e redam does not  necessa r i ly  preclude 
t h e  need f o r  d ra ins .  Should the pervious s t a r t e r  dam become i n e f f e c t i v e  and 
t h e r e  i s  no d r a i n  t o  f a l l  back on, the  ph rea t i c  su r face  can r i s e  and s e r i -  
ous ly  reduce s t a b i l i t y .  

Two of t h e  bas i c  types of d ra ins  a r e  (1) t h e  blanket  d ra in ,  which i s  
coa r se  gravel  sandwiched between p r o t e c t i v e  f i l t e r  ma te r i a l  which c a r r i e s  a l l  



t h e  water through and beneath t h e  dam, and (2) t h e  per fora ted  pipe d ra in ,  
which is  surrounded by g rave l  and a p ro tec t ive  f i l t e r  which c o l l e c t s  the  
drainage and c a r r i e s  i t  through t h e  dam. The choice of which one t o  use 
depends on t h e  a v a i l a b i l i t y  of  drainage m a t e r i a l ,  drainage capac i ty  requi red ,  
foundation condi t ions ,  and cons t ruc t ion  c o s t .  Var ia t ions  and combinations of 
these  two methods can be used, but  they must be c a r e f u l l y  cons t ruc ted ,  and t h e  
ma te r i a l  used f o r  f i l t e r s  must have proper g ra in - s i ze  graduat ion.  

Blanket Drain 

This type of d r a i n  would be used i n  a c ross-va l ley  dam with e i t h e r  a 
pervious o r  impervious s t a r t e r  dam, where bedrock o r  a r e l a t i v e l y  impervious 
base  is  c l o s e  below n a t u r a l  ground l e v e l  and where the  upstream method of dam 
bu i ld ing  is t o  be used u t i l i z i n g  t h e  t a i l i n g  sands. The purpose of t h i s  
b lanket  d r a i n  i s  t o  i n t e r c e p t  t h e  water t h a t  moves downward out  of t h e  t a i l -  
ings as  wel l  a s  any spr ings  o r  a r t e s i a n  water t h a t  may come up from below. I f  
spr ings  a r e  found i n  s i t e  i nves t iga t ion  o r  a r t e s i a n  water  i n  d r i l l  ho les ,  
e i t h e r  from the  rock o r  below a s tratum of impervious c l a y ,  the  blanket  d ra ins  
should have capaci ty  t o  remove a l l  t h i s  water p lus  a d d i t i o n a l  capac i ty  fo r  
t h a t  which may not  have been discovered. It i s  very important t h a t  t h i s  water 
be  removed because i n  mountainous areas  i t  could have a high head and i f  
trapped below t h e  s l ime l aye r  i n  a t a i l i n g s  pond it could e x e r t  tremendous 
upward pressure and g r e a t l y  reduce the f a c t o r  of s a f e t y  of the  embankment. 

The d r a i n  c o n s i s t s  of a l aye r  of c l ean  g rave l  up t o  18 inches t h i c k  
extending from above t h e  upstream toe  t o  below the  downstream t o e  and wide 
enough t o  cover the main v a l l e y  bottom. This gravel  d r a i n  i s  pro tec ted  by a 
9- t o  12-inch f i l t e r  l aye r  of c l ean  sand and gravel  both above and below. An 
a d d i t i o n a l  d r a i n  of unprocessed sand and g rave l  up t o  3 f e e t  deep i s  a l s o  
placed upstream t o  extend t h e  d r a i n  a rea  as  f a r  as  deemed necessary t o  ca t ch  
a l l  the seepage ( f ig .  1 2 ) .  

These dra ins  must have a catchment d i t c h  f i l l e d  wi th  cobbles t o  i n t e r c e p t  
t h e  drainage and prevent  e ros ion  on t h e  downstream face .  Where t h e  downstream 
s lope  of an embankment i s  composed of f ine-grained m a t e r i a l s ,  water should not 
be allowed t o  flow out  of t h i s  s lope .  Lowering t h e  ph rea t i c  su r face  increases  
t h e  s t a b i l i t y ,  permi t t ing  t h e  use of s t eepe r  s lopes ,  and reduces t h e  volume of  
cons t ruc t ion  ma te r i a l  needed. I n  cold c l imates  it i s  e s p e c i a l l y  important 
t h a t  the  d ra in  water be d i r ec t ed  through a drainage blanket  below t h e  com- 
pacted s o i l  s o  t h a t  i t  w i l l  no t  f r eeze  and r a i s e  the  ph rea t i c  su r face  causing 
t h e  e n t i r e  embankment t o  become sa tu ra t ed  behind a f rozen  blanket  of s o i l  on 
t h e  downstream face  of t h e  s t a r t e r  dam. 



FIGURE 12; - Blanket drain; 

Pipe Drain 

Where drainage p ipes  a r e  t o  be used, the  pipes should be designed t o  wi th-  
s t and  the maximum an t i c ipa ted  load of t h e  overlying t a i l i n g s .  When per fora ted  
p ipe  is used, it should be per fora ted  on t h e  bottom h a l f  only  and l a i d  wi th  
t h e  per fora t ions  down, with a bed of g rave l  both top and bottom and graded 
f i l t e r  surrounding t h e  g rave l  ( f i g .  13) .  'Ihe diameter of t h e  pe r fo ra t ions  
should not be l a r g e r  than one-half of t h e  85-percent s i z e  of  the  drainage mate- 
r ia l  surrounding t h e  p ipe .  Pipe d ra ins  can be very  s a t i s f a c t o r y  with a good 
foundation and c a r e f u l  cons t ruc t ion ,  but  t h e  blanket  o r  s t r i p  d ra ins  may be 
more f a i l - s a f e .  Various arrangements of pipe d ra ins  can  be made. A per fo-  
r a t e d  pipe p a r a l l e l  t o  the  upstream toe  of the s t a r t e r  dam wi th  one o r  more 
s o l i d  pipes through t h e  dam t o  the downstream t o e  is  the  s imples t .  This same 
arrangement can be used a s  a c o l l e c t i o n  f o r  d ra ins  up t o  600 f e e t  long running 
p a r a l l e l  t o  the  v a l l e y  a t  r i g h t  angles t o  t h e  dam ax i s  and spaced a t  50- t o  
100-foot i n t e r v a l s  along t h e  v a l l e y  f l o o r  and wal l s  ( f i g .  14).  Pipes through 
t h e  s t a r t e r  dam should n o t  be per fora ted  and should have a t  l e a s t  t h r e e  cu to f f  
c o l l a r s  t h a t  extend a t  l e a s t  2 f e e t  from t h e  pipe t o  prevent  "piping." 

I f  the foundation beneath a t a i l i n g s  embankment i s  compressible and d i f -  
f e r e n t i a l  se t t lement  i s  poss ib le ,  pipe d ra ins  should be avoided. The s t r e s s e s  
may r e s u l t  i n  opening pipe j o i n t s  or  breaking the  p ipe ,  which might al low 
i n t e r n a l  erosion.  



FIGURE 13. - Pipe drain. 

FIGURE 14. - Pipe drain layout. 
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S t r i p  Drain 

S t r i p  dra ins  a re  t h e  same a s  blanket  d ra ins  i n  design and cons t ruc t ion  
except  t h a t  they a re  narrow s t r i p s  of d r a i n  ma te r i a l  l a i d  i n  t h e  foundation 
p r i o r  t o  dam cons t ruc t ion .  They a r e  l a i d  out  t o  c a r r y  drainage through the  
dam and t o  o u t l e t s  beyond t h e  downstream toe  of the embanlanents. The d ra ins  
a r e  l a i d  out  i n  s t r a t e g i c  loca t ions  t o  ca tch  t h e  drainage and must be 
arranged according t o  t h e  contours of the  foundation. S t r i p  d ra ins  can  be 
used upstream from the  s t a r t e r  dam i n  the  same manner a s  blanket  o r  pipe 
d r a i n s .  

I f  blanket  o r  pipe d ra ins  a r e  placed as  much as  500 to  600 f e e t  upstream 
from the t o e  of the  s t a r t e r  dam and sp igot ing  i s  s t a r t e d  wi th  t a i l i n g s ,  the  
s l imes  begin s e t t l i n g  on t h e  top of  t h e  d ra ins  i n  t h e  f i r s t  100 f e e t  from t h e  
upstream t o e  of t h e  s t a r t e r  dam. A s  the sand bu i lds  up, t h i s  f i n e  ma te r i a l  
cont inues t o  move u p h i l l  i n  a n  inc reas ing ly  th i cke r  l a y e r .  The l aye r  of f i n e s  
o r  s l imes is q u i t e  impervious even i n  t h i n  l a y e r s ,  and under consol ida t ion  and 
drainage (which would be ve ry  good over t h e  d ra in )  it can have a permeabil i ty  
a s  low a s  lo-' o r  l o7  cent imeters  per  second. This l aye r  of s l imes over-a  
d r a i n  renders the  d r a i n  use l e s s  except f o r  the  f i r s t  few f e e t  upstream of the 
s t a r t e r  dam. For t h i s  reason when d ra ins  a r e  cons t ruc ted  upstream any d i s -  
t ance  above t h e  s t a r t e r  dam, the  t a i l i n g s  should be cycloned and t h e  coarse  
underflow should be repulped and spigoted on the  dam t o  make a beach of  ve ry  
p e n i o u s  sand t h a t  w i l l  cover t h e  d r a i n .  Since t h i s  coarse  sand w i l l  have a 
s l o p e  angle of  4+ percent ,  depending on g r ind ,  e t c . ,  it w i l l  r equ i r e  a l o t  of 
ma te r i a l  and come up q u i t e  high on the  s t a r t e r  dam. Af te r  the  d r a i n  i s  we l l  
covered, sp igot ing  of unc la s s i f i ed  t a i l i n g s  can  be s t a r t e d ;  t h e  blanket  of 
s l ime w i l l  no t  cover t h e  d r a i n ,  keeping i t  f r e e  and opera t ing  f o r  t h e  l i f e  of 
t h e  dam. This type of blanket  d r a i n  would be used only where bedrock i s  r e l a -  
t i v e l y  shallow and the  n a t u r a l  s o i l  i s  s a tu ra t ed  or  w i l l  become sa tu ra t ed  from 
t h e  t a i l i n g s  pond. 

In  a reas  where t h e  bedrock i s  100 t o  500+ f e e t  deep and t h e  s o i l  i s  very  
pervious (lo-= t o  cent imeters  per second) the b lanket ,  s t r i p ,  o r  pipe 
d r a i n s  extending upstream from t h e  s t a r t e r  dam would not  be used because the  
seepage through t h e  bottom would go down toward bedrock and not  fol low t h e  
d r a i n .  Nearly every mine has a d i f f e r e n t  s e t . o f  condi t ions ,  and each t a i l i n g s  
a r e a  must be designed accordingly.  

Because of the layer ing  i n  a spigoted embanlanent, t h e  permeabil i ty  i n  t h e  
ho r i zon ta l  d i r e c t i o n  may be a s  much as  5 t o  10 times t h a t  i n  a v e r t i c a l  d i r e c -  
t i o n ,  e spec ia l ly  i f  the  gr ind  i s  coarse and t h e  pulp dens i ty  i s  low. To d e t e r -  
mine the seepage from t h e  pool and from t h e  sp igot ing  on t h e  beach, a flow n e t  
should be used t o  es t imate  the  seepage r a t e  t o  the  d ra ins .  The quan t i ty  of 
seepage w i l l  depend on t h e  permeabil i ty  va lues ,  hydraul ic  g rad ien t ,  and a rea  
of flow. I n  some embankments and poss ib ly  a l l  of them, t h e  piezometric head 
from the downstream toe  up and under t h e  beach (on a l a rge  dam 500 t o  600+ 
f e e t  d is tance)  i s  determined more by t h e  water flowing on the  beach during 
discharge than  by t h e  water  escaping from t h e  pond a rea .  The water i n  t h e  
pond i s  contained i n  a saucer  of  slime wi th  t h e  permeabil i ty  lowest a t  t h e  
c e n t e r  of the  pond and increas ing  toward the  beach. Because of t h i s , c o n t r o l  



of the  height  and loca t ion  of t h e  water pool is important i n  c o n t r o l l i n g  t h e  
seepage. An increase  of 1 foo t  i n  the  pond w i l l  f lood 200 t o  600 f e e t  of 
beach, which has a  higher  permeabil i ty  than t h a t  a r ea  a t  a  lower e l eva t ion .  
To insure  t h a t  t h e  d r a i n  des ign  i s  adequate,  the  upper range of the c o e f f i -  
c i e n t s  of  permeabil i ty  of the embankment should be used i n  these  c a l c u l a t i o n s .  
I n  the  same way the  lower range of permeabil i ty  of t h e  drainage blanket  should 
be used t o  be sure  t h a t  the blanket  has a  g r e a t e r  capac i ty  than t h e  ca l cu la t ed  
seepage of the embankment. In  these  c a l c u l a t i o n s  the  permeabil i ty  of the 
foundations must be taken i n t o  cons idera t ion  a l s o .  With a  high water t a b l e ,  
water can enter  the  drainage system from the foundation s t r a t a ,  thus increas-  
ing  the  requi red  capaci ty  of the drainage system. Layers of impervious mate- 
r i a l s  i n  t h e  foundation s t r a t a  w i l l  r e s t r i c t  seepage i n t o  t h e  foundat ion.  

Calculat ing the  thickness and width of blanket  and s t r i p  dra ins  i s  prob- 
a b l y  worth the e f f o r t  from a c o s t  s tandpoint  because t h e  d i f f e rence  of c o s t  
between 1 foot  and 2 f e e t  of gravel  over a . l a r g e  a rea  could be cons iderable .  
The d ra ins  should be as  l a rge  a s  p rac t i cab le  cons ider ing  the  c o s t  and a v a i l a -  
b i l i t y  of ma te r i a l s .  They should be uniform and continuous and constructed of 
t h e  proper gradat ion  of ma te r i a l s ,  without which they  could become use less .  

Granular ma te r i a l s  incorporated i n  underdrainage systems should be com- 
p a t i b l e  with the  p rope r t i e s  of the seepage water they a r e  designed t o  c a r r y .  
Drainage ma te r i a l s  composed of carbonate rocks a r e  unsui tab le  i f  the  seepage 
c o l l e c t e d  by the  system i s  a c i d i c .  

Blanket d ra ins  and s t r i p  dra ins  should be designed t o  be capable of pass-  
ing f u l l  design flow when t h e  ph rea t i c  surface wi th in  t h e  d r a i n  is  a t  or  below 
t h e  upper sur face  of the drainage mater ia l .  

F i l t e r s  and Trans i t i on  Zones 
- - 

A f i l t e r  o r  "pro tec t ive  f i l t e r "  i s  any porous ma te r i a l  t h a t  has openings 
small  enough t o  prevent movement of s o i l  i n t o  t h e  d r a i n  and y e t  i s  much more 
pervious than the  s o i l  i t  i s  p ro tec t ing .  T rans i t i on  zones a r e  a l s o  f i l t e r s  
between a very f i n e  and a very  coarse ma te r i a l  where seve ra l  d i f f e r e n t  f i l t e r  
ma te r i a l s  have t o  be used. I n  the  cons t ruc t ion  of a  zoned embankment wi th  the 
permeabil i ty  increas ing  i n  t h e  downstream d i r e c t i o n ,  f i l t e r s  and t r a n s i t i o n  
zones should be placed between l aye r s  of s i g n i f i c a n t l y  d i f f e r e n t  gradat ion  t o  
prevent  piping and subsurface eros ion  ( f i g .  1 5 ) .  

Each s i t u a t i o n  is d i f f e r e n t ,  and t h e  f i l t e r  des ign  should be governed by 
f i e l d  condi t ions ,  p a r t i c u l a r l y  by t h e  gradat ion  of  t h e  s o i l  t o  be pro tec ted  
and the  mater ia l  p ro tec t ing  i t .  Two d i f f e r e n t  gradat ions  of f i l t e r s  would 
probably be used where coarse  mine rock was t o  be placed on t h e  downstream toe 
of  a  t a i l i n g s  dam t o  prevent seepage. Figure 15 shows idea l ized  sec t ions  of  
f i l t e r s .  

Experiments have shown t h a t  f i l t e r s  need not  screen  out  a l l  t h e  p a r t i c l e s  
o f  the s o i l  bu t  only  t h e  coa r ses t  15 percent ,  or  t h e  D s 5 ,  of the  s o i l .  These 
coa r se r  p a r t i c l e s  (DOE and l a rge r )  w i l l  c o l l e c t  over the  f i l t e r  openings and 
screen  o u t  the smaller  p a r t i c l e s .  Therefore, the  screen  o r  holes  i n  a  



General mill tails K5 = 1Ok1 

Cycloned tailing sand Kq = lOOkl 

Transition zone (filter) K2 = lOOOki 

Blanket drain (processed gravel) K3 = d. 

Transition zone (filter) K2 = lOOOki 

Clay soil K I  

FIGURE 15. - Transitions and filters protecting drains. 

per fora ted  pipe must be smaller  than the  Ds, s i z e  of the  s o i l .  By t h e  same 
reasoning,  i f  s o i l s  a r e  used a s  f i l t e r s ,  the e f f e c t i v e  diameters of t h e  s o i l  
v o i d s  must be l e s s  than D,, of  the  s o i l  being f f l t e r e d .  Since e f f e c t i v e  pore 
diameter i s  about 115 q6, then qs f i l t e r  1: D,, s o i l .  The f i l t e r  must pro-  
v i d e  f r ee  drainage,  and s ince  t h e  permeabil i ty  c o e f f i c i e n t  v a r i e s  as  t h e  
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FIGURE 16. - Screen analysis of four filter materials. 

square of the  g r a i n  s i z e ,  t h e  r a t i o  of pe rmeab i l i t i e s  of over 20 to  1 can  be 
secured by q 6  f i l t e r  > 5DI6 s o i l .  

To s a t i s f y  the  c r i t e r i a  f o r  f i l t e r  ma te r i a l s ,  t h e  following r u l e s  should 
be applied a s  i l l u s t r a t e d  i n  f i g u r e  16. 

RULE 1: The 15-percent s i z e  of the f i l t e r  
The 85-percent s i z e  of the pro tec ted  s o i l  

RULE 2:  The 50-percent s i z e  of the f i l t e r  
The 50-percent s i z e  of the pro tec ted  s o i l  

RULE 3 :  The f i l t e r  ma te r i a l  should be smoothly graded; 
gap-graded ma te r i a l s  should be avoided. 

RULE 4 :  The 15-percent s i z e  of the  f i l t e r  
The 15-percent s i z e  of the pro tec ted  s o i l  

should be l e s s  
than  5 .  

should be l e s s  
than  25. 

should be 
g r e a t e r  than 5. 



RULE 5: The f i l t e r  should not con ta in  more than 5 percent  of p a r t i c l e s ,  by 
weight,  f i n e r  than  the  No. 200 s ieve ,  and t h e  f i n e s  should be 
cohes ionless .  

RULE 6: The c o e f f i c i e n t  of uniformity of t h e  f i l t e r  should be equal  to o r  
l e s s  than 20. 

Rules 1, 2, and 3 assure  t h a t  the pro tec ted  s o i l  does not  pass  through 
t h e  f i l t e r .  A l l  f i l t e r s  al low small  amounts of f i n e s  t o  pass  and c o l l e c t  i n  
t h e  o u t l e t  p ipes ,  s o  provisions should be made f o r  f lushing  out  the  pipe i f  a t  
a l l  poss ib l e .  Rules 4 and 5 a r e  t o  assure  t h a t  the permeabil i ty  of  the  f i l t e r  
ma te r i a l  i s  high enough t o  take a l l  t h e  seepage from t h e  pro tec ted  s o i l .  
Attempts have been made t o  develop a  universa l  f i l t e r  t h a t  w i l l  f i l t e r  the  
f i n e s t  s o i l  and y e t  have a  D,, l a rge  enough t h a t  i t  w i l l  no t  pass  through the 
5/16-inch pe r fo ra t ions  of  couimercial drainage pipes.  These f i l t e r s  have such 
a wide range of s i z e - - t h a t  is ,  a  very f l a t  gradat ion  l i n e  and high C, -- that  
t h e  p a r t i c l e s  segregate during handling and placement. A f i l t e r  with a  C,, of 
20 o r  l e s s  i s  not  as  suscep t ib l e  t o  segregat ion  ( r u l e  6 ) .  

Trans i t ion  zones and f i l t e r s  a re  very  important i n  t h e  des ign  and con- 
s t r u c t i o n  of some t a i l i n g s  ponds, p a r t i c u l a r l y  where d ra ins  a r e  requi red  
e i t h e r  upstream from and through t h e  s t a r t e r  dam or  i n  the s t a r t e r  dam con- 
s t r u c t i o n  i t s e l f .  They a r e  e s p e c i a l l y  important where a  water-type dam i s  t o  
be  constructed,  and d ra ins  a r e  b u i l t  i n t o  the  dam i t s e l f .  Where remedial mea- 
s u r e s  a re  necessary fo r  seepage emerging on t h e  downstream face  of a  t a i l i n g s  
dam, a  p ro tec t ive  surcharge of any ava i l ab le  mater ia l  from sand t o  coarse mine 
r o c k  can be used with p ro tec t ive  f i l t e r s  and d ra ins .  

.~ ~~ 

The th ickness  of f i l t e r s  required v a r i e s  with t h e  head of water from a 
few inches with a  low head up t o  10 f e e t  wi th  a  high head i n  a  water-type dam. 
The f i l t e r  thickness a l s o  v a r i e s  depending on whether it i s  placed with con- 
s t r u c t i o n  equipment or  by hand. S teeply  inc l ined  f i l t e r s  placed wi th  construc-  
t i o n  equipment should be wide enough t o  accommodate t h i s  equipment e a s i l y ,  
wh i l e  on l e v e l  ground these  f i l t e r s  should be a t  l e a s t  3 f e e t  t h i ck .  F i l t e r s  

. placed by hand should be a t  l e a s t  6  inches t h i c k .  

In  s u m a r y ,  f i l t e r s  must be of proper gradat ion  t o  p ro tec t  t h e  s o i l ,  have 
a  permeabil i ty  g rea t e r  than t h e  s o i l  being pro tec ted ,  and have an increas ing  
permeabil i ty  i n  t h e  d i r e c t i o n  of flow. 

Rel ie f  Wells 

Undercer ta incondi t ions ,  r e l i e f  wel l s  a r e  t h e  l o g i c a l  method t o  reduce 
t h e  pore water  pressures  beneath an embankment. One such s i t u a t i o n  i s  an 
embankment on a  r e l a t i v e l y  impervious base overlying a  pervious s t ra tum fed by 
e i t h e r  a r t e s i a n  or pond water .  I f  t h e  pervious s tratum g e t s  plugged down- 
s tream, t h e  head could become high enough t o  e x e r t  considerable u p l i f t  on t h e  
embankment. Rel ie f  we l l s  w i th in  t h e  embankment could be d r i l l e d ,  and the  
wa te r  pumped out i n t o  d i t ches  o r  piped downstream. These we l l s  func t ion  be t -  
t e r  i f  they a r e  i n  the embankment r a t h e r  than  a t  the  t o e .  Rel ie f  we l l s  a re  
a l s o  e f f ec t ive  where the  ph rea t i c  l i n e  is high and i t  becomes necessary t o  



lower i t .  In  both of these  in s t ances ,  t h e  e f f e c t  of the we l l s  should be 
checked by piezometers f o r  both sequence of pumping and t h e  adequacy of the  
number of we l l s .  The permeabi l i ty  of t h e  foundation s o i l s  w i l l  have a g r e a t  
e f f e c t  on t h i s  drawdown produced by the  we l l s .  

The r e l i e f  we l l s  should have a  minirmun diameter of 6 inches or  l a r g e r ,  
depending on the  flow expected. The screens  o r  pe r fo ra t ions  should be s u r -  
rounded by f i l t e r  ma te r i a l  t o  in su re  t h e  f r e e  flow of water i n t o  the  pumps. 
The water from these  wel l s  should be monitored f o r  m e t a l l i c  i ons ,  both as  an 
e n v i r o w e n t a l  concern and t o  guard aga ins t  o r  a n t i c i p a t e  cor ros ion  of  the  
pumps. The U.S Army Corps of Engineers has published ma te r i a l  on r e l i e f  well  
design (46). 

Ver t i ca l  Sand Drains 

Ver t i ca l  sand d ra ins  can  be used i n  s p e c i a l  s i t u a t i o n s  and would be 
loca ted  i n  the  same a rea  a s  t h e  r e l i e f  we l l s  r e l a t i v e  t o  the  downstream por-  
t i o n  of the  dam. Such a s i t u a t i o n  might be where a  t a i l i n g s  pond was t o  be 
b u i l t  on top of a  t h i c k  l aye r  of  compressible s o i l s  with a  water-bearing 
aqu i fe r  below under a r t e s i a n  head. A s e r i e s  of sand d ra ins  approximately. 
1 foo t  i n  diameter would be d r i l l e d  through the s o i l  and i n t o  the aqu i fe r  and 
f i l l e d  wi th  sand t o  t h e  su r face ,  where they  connect t o  a  blanket  d r a i n  t o  the 
downstream toe .  This would r e l i e v e  the  pressure  on t h e  aqu i fe r  as  t h e  dam 
increased i n  height  s o  t h a t  t h e  foundation could s e t t l e  a t  a  f a s t e r  r a t e  with 
o u t  undue u p l i f t .  As previous ly  s t a t e d ,  each a rea  i s  d i f f e r e n t  and must be 
t r e a t e d  as  the f i e l d  condi t ions  d i c t a t e .  

Rate of Seepage 

The r a t e  of seepage through a t a i l i n g s  embankment i s  governed by t h e  per-  
meab i l i t y  of t h e  ma te r i a l s ,  t h e  hydraul ic  g rad ien t ,  and the  e l eva t ion  d i f f e r -  
ence between the pond and the poin t  of emergence of the seepage. With a  
coarse g r ind ,  low pulp dens i ty ,  and a  wide beach, t h e  seepage v e r t i c a l l y  
through the  beach i s  tremendous and could equal o r  exceed t h a t  which escapes 
through the  embankment. With a  given screen  ana lys i s ,  mineralogy, tonnage, 
pulp  dens i ty ,  a r e a ,  and cons t ruc t ion  method (upstream o r  downstream), t h e r e  i s  
l i t t l e  t h a t  can be done t o  change the  seepage once t h e  opera t ion  has s t a r t e d .  
The length of the  flow path  cannot be increased a f t e r  the  pond g e t s  t o  t h e  
extreme upstream p o s i t i o n ,  or  t o  the decant ,  except by adding ma te r i a l  t o  the 
t o e .  The d i f f e rence  i n  e l eva t ion  has t o  increase ,  and no impervious b a r r i e r s  
can  be placed. Therefore, it i s  imperat ive t h a t  seepage be an t i c ipa ted  and 
incorporated i n t o  the  design.  The mathematical expres s ion . fo r  the  r a t e  of 
seepage i s  
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where 

and 

q = the  r a t e  of seepage per u n i t  length perpendicular  t o  the  plane of 
the flow n e t ,  

k = the  c o e f f i c i e n t  of permeabil i ty  of the s o i l .  

n, = t h e  number of f lowpaths  (determined from the  flow n e t ) ,  

n, = the  number of equ ipo ten t i a l  drops (determined from t h e  flow n e t ) ,  

h = t h e  d i f f e rence  i n  piezometric head between t h e  poin t  of seepage 
e n t r y  and t h e  poin t  of seepage e x i t .  

An approximate c o e f f i c i e n t  of permeabil i ty  can be determined by labora-  
t o r y  t e s t s  i f  f i e l d  t e s t s  a r e  not  poss ib l e .  For more d e t a i l s  see appendix C 
and Cedergren (19). 

Surface Runoff Control 

Methods of  es t imat ing  runoff a r e  described i n  appendix B .  Ta i l ings  
embankments t h a t  a r e  b u i l t  i n  o r  across  a major drainage area  must have some 
method of c o n t r o l l i n g  t h e  runoff  i n t o  the  pond o r  be ab le  t o  con ta in  t h e  run- 
o f f  from a major (100-year) f lood.  General ly,  a decant system o r  barge pump 
cannot handle t h i s  type of  flow unless  it i s  s p e c i f i c a l l y  designed f o r  t h a t  
flow. In  mountainous a reas ,  a s i t e  of any major s i z e  wauld have seve ra l  
square  miles  of drainage a rea  upstream from t h e  t a i l i n g s  pond. This would 
r e q u i r e  f a c i l i t i e s  t o  be designed t o  handle t h i s  flow. Some des ign  measures 
could include : 

1. The t a i l i n g s  pond can  be b u i l t  across  the  e n t i r e  v a l l e y  drainage with 
a dam confining the  t a i l i n g s  on both t h e  downstream and upstream s i d e s .  A 
l a r g e  c u l v e r t  through t h e  e n t i r e  length  of  the embankment would be designed t o  
e a s i l y  handle t h e  normal spr ing  f lood.  I n  a 100-year f lood,  the  e n t i r e  t a i l -  
i n g s  embanlanent would a c t  as  a dam f o r  temporary s to rage  of anything t h a t  
exceeds the  capac i ty  of the c u l v e r t .  

2 .  The c ross -va l l ey  embankment can  be designed with ex t r a - l a rge  decants ,  
maintaining s u f f i c i e n t  freeboard t o  con ta in  the flow above t h e  capac i ty  of the 
decant .  The decants  must be of s u f f i c i e n t  s i z e  t o  assure  t h a t  s to red  water 
from one storm i s  drained wi th in  a reasonable time s o  t h a t  runoff  from a sub- 
sequent storm can be contained.  The embankment must be designed f o r  the  maxi- 
mum water sur face .  Barge pumps alone would be unsafe because a power f a i l u r e  
dur ing  such a flood would have t o  be assumed. 

3.  The major po r t ion  of the runoff can be d ive r t ed  i n t o  a d ivers ion  
channel  and bypass t h e  embankment e n t i r e l y .  This i s  very  d i f f i c u l t  t o  do i n  
s t e e p  mountainous t e r r a i n ,  because the  d ivers ion  d i t ches  a r e  very l i k e l y  t o  
s i l t  up and overflow during a major storm. 

4. Spillways can be b u i l t  a f t e r  the  embanlanent i s  abandoned, but a r e  not 
f e a s i b l e  while  t h e  embankment is being r a i s e d .  



5. I n  d e s e r t  a reas  where f l a s h  f loods a r e  very cormon, d ive r s ion  d i t ches  
a r e  e a s i e r  t o  maintain and a r e  a ' l o g i c a l  p r o t e c t i v e  measure. 

Determining t h e  freeboard required a t  any time t o  s t o r e  flood runoff  w i l l  
involve c a l c u l a t i n g  t h e  pond capaci ty  from the  topographic maps. Storage 
capac i ty  during the  f i r s t  few years i s  most c r i t i c a l  because of t h e  small s i z e  
of the pond, so cons t ruc t ion  schedules must be maintained t o  keep s u f f i c i e n t  
freeboard. 

Hydraulic handbooks descr ibe  the  cons t ruc t ion  of  d ive r s ion  d i t c h e s  and 
spi l lways.  There a r e  seve ra l  c r i t i c a l  po in t s  of concern wi th  d ive r s ion  
d i t c h e s .  One i s  t h a t  they be open and remain open i n  time of major f loods ;  
s i l t i n g  i n  and overtopping i n t o  the  t a i l i n g s  a rea  i s  t h e  main d i f f i c u l t y  t h a t  
makes them inoperable when they a r e  needed. The second i s  t h a t  they have t h e  
required capaci ty  and a r e l a t i v e l y  f l a t  g rad ien t  so t h a t  e ros ion  does not  
occur near  the embankment. Channels can  be pro tec ted  aga ins t  e ros ion  by con- 
c r e t e  l i n i n g  o r  paving s tones .  

INITIAL CONSTRUCTION 

S i t e  Prepara t ion  

The foundation i n v e s t i g a t i o n  and sampling w i l l  d i c t a t e  what has t o  be 
done t o  prepare f o r  dam cons t ruc t ion ;  s i t e  prepara t ion  w i l l  vary considerably 
depending on whether the dam i s  t o  be high o r  low ( 4 0 0  f e e t  high) and whether 
it i s  t o  be a t r u e  water-type dam o r  n o t .  I f  i t  i s  t o  be a t r u e  water-type 
dam, consul tan ts  f ami l i a r  with dam cons t ruc t ion  a r e  a necess i ty .  Therefore, 
water- type dams a r e  not  covered i n  t h i s  d iscuss ion .  

I f  the  t a i l i n g s  damis t o b e  on or  near bedrock which i s  r e l a t i v e l y  impervi- 
ous ,  an inspec t ion  of the  bedrock may be warranted t o  check f o r  open f i s s u r e s  
t h a t  must be sealed t o  prevent  piping.  Coarse foundation s o i l s  and buried 
coarse  t a l u s  should be removed. Excavation of  a l l  vegeta t ion ,  su r face  growth, 
pockets of pea t ,  and zones of weak and pervious s o i l  should be performed, 
r e s u l t i n g  i n  competent foundation ma te r i a l .  Consolidation t e s t i n g  may be nec- 
e s sa ry  and foundation sca r i fy ing  and compaction of foundation s o i l  may be 
requi red  t o  a t t a i n  a s u f f i c i e n t l y  s t rong foundation. 

Where the e n t i r e  t a i l i n g s  a rea  i s  on deep alluvium wi th  a permeabil i ty  
(K) of lo-" t o  cent imeters  per second, t h e  seepage cannot be stopped by 
t h e  dam because most of the seepage water goes through the  subso i l  and not  
through the  base of t h e  dam. A cu to f f  t r ench  is sometimes used i n  t h e  con- 
s t r u c t i o n  of a s t a r t e r  dam where condit ions warrant i t s  u se ,  such as  a pe rv i -  
ous foundation extending to  a shallow depth. The cu to f f  t rench  can i n t e r s e c t  
a r e l a t i v e l y  impervious layer  t o  reduce the  downstream seepage. A cutof f  
t rench may a l s o  be used where t h e  foundation i s  on bedrock and a cu to f f  and 
anchor a re  needed. The c u t o f f  t rench  would more probably be used wi th  t h e  
c e n t e r l i n e  o r  downstream method where seepage through the  s t a r t e r  dam is not 
wanted. It would not  be used where a blanket  o r  s t r i p  (gravel )  d r a i n  was t o  
be  used extending upstream from and completely beneath the  s t a r t e r  dam, but  it 
could be used where pipe d ra ins  extend through t h e  s t a r t e r  dam. 



Water Reclaim 
Sys t ems 

FIGURE 17, - Decant tower w i t h  6-inch out lets at 4-112 inches 
center-to-center, 

Decant Pipe and 
Towers 

The most com- 
mon method of 
reclaiming water 
from a t a i l i n g s  
pond i s  through 
decant  tower and 
l i n e s  ( f i g s  . 17-18) . 
These can vary  
from a simple 8 -  
inch  p i p e l i n e  
l a i d  along the  
ground from the  
downstream toe  t o  
t h e  c l e a r  water 
a r e a  and extended 
a s  t he  dam i s  
r a i s e d ,  t o  l a rge  
s t e e l  and 
r e in fo rced -  
concre te  conduits  
wi th  r e in fo rced -  
concre te  towers.  
The former F s  used 
f o r  small  opera-  
t i o n s ,  and the  
l a t t e r  i s  designed 
f o r  a 500-foot-  
h i g h  embankment 
( f i g s .  17-19) .  I n  
t h i s  system the  
c l e a r  water near 
t h e  sur face  of t h e  
pond flows through 
c l o s e l y  spaced 
openings on top of 
t he  p i p e  o r  i n  t h e  
tower through t h e  
conduit  under t he  
s t a r t e r  dam t o  
waste or  t o  a hold-  
ing  pond where it  
i s  pumped back t o  
t h e  concent ra tor  
water  s torage  pond. 
The openings  i n  



FIGURE 118. - Decant l i ne  to  tower 6- inch out le ts  at each &inch e levat ion rise, 



9,  - Steel-rei nforced decant l ines- 



the  tower a r e  a s  c lose  a s  4-112 inches center - to-center  ( f i g .  17) i n  order t o  
have very c l o s e  con t ro l  of the  water pond l e v e l  and a r e  closed off  by metal 
caps as  t h e  s l ime approaches t h i s  l e v e l .  F igure  20 shows a schematic of a 
decant l i n e  and tower, a barge pump, a s iphon,  and a pump wi th  a flooded 
in t ake .  The l a t t e r  takes  advantage of a high p o s i t i v e  s u c t i o n  head, which i s  
not  ava i l ab le  wi th  the  ord inary  decant l i n e  and water s to rage  pond. The head 
d i f f e r e n t i a l  would be a s  g r e a t  as  the he ight  of the  pond, which i s  t h e  reason 
barge pumps are  economical. They a l s o  take advantage of the  lower head on the 
r e t u r n  wa te r l ine .  They do n o t ,  however, lend themselves t o  c l o s e  c o n t r o l  of 
the  pond and can r equ i re  a second compartment f o r  emergency overflow. I n  f l a t  

-econt line 
Flat or steep 

Barge pump 

Siphon 
Dump sand 

4 
.**y,n.+. 

Siphon 

Pump (with flooded intake) 

FIGURE 20. - Schematic of decant, barge pump, siphon, and p u m p  w i t h  flooded intake. 



coun t ry  on ly  one o r  two towers may be r equ i r ed  f o r  a pond wi th  1 -square-mile 
a r e a .  The two towers s e rve  a s  a  backup f o r  emergency o r  malfunct ion.  I n  a  
va l l ey - type  depos i t  where t h e  t e r r a i n  may have v a r i a b l e  s l o p e s ,  low towers 
should be b u i l t  a t  app rop r i a t e  e l e v a t i o n s  up t he  v a l l e y  s o  t h a t  two towers 
a r e  i n  ope ra t i on  a t  a11 t imes .  When the se  towers a r e  abandoned, they  should 
be  blocked o f f  wi th  conc re t e .  For e x t r a  s a f e t y ,  both decant  towers and barge 
pumps can be combined, u t i l i z i n g  t h e  b e s t  p a r t s  of both systems ( f i g .  21 ) .  
The i n t ake  t o  t h e  decant  p i p e  should be p ro t ec t ed  from t r a s h  i f  necessary .  

Barge Pumps 

This method of rec la iming  water  from a t a i l i n g s  pond i s  becoming more 
popula r  because of i t s  v e r s a t i l i t y  and lower c o s t ,  e s p e c i a l l y  i n  t h e  l a r g e r  
ope ra t i ons  where high dams a r e  planned.  The c o s t  of long decant  p ipes  of 
h e a v i l y  r e in fo rced  conc re t e  may be many times t h e  c o s t  of a  barge and pump. 
The  barge pump ga ins  cons ide rab l e  s t a t i c  head over t he  decant  l i n e s  w i th  
pumps. This r e s u l t s  i n  a  r educ t i on  i n  r equ i r ed  power and c o s t  ( f i g s .  22-23) .  

FIGURE 21. - B a r g e  pump a n d  d e c a n t  tower in the s a m e  ~ o n d .  



FIGURE 22. - Barge pump and l ine-steep terrain. 



FIGURE 23; - Barge pump and line-iron ore mine; (Cour t e sy ,  Erie  Mining Cn., M i n n e s o t a . )  

The main d i s a d v a n t a g e  o f  t h i s  sys tem i s  t h a t  t h e r e  i s  no way t o  t a k e  c a r e  
of a sudden f l o o d  when t h e  pond f i l l s  and t h e  f low i s  beyond t h e  c a p a c i t y  of  
t h e  pumps. A power f a i l u r e  d u r i n g  f l o o d  s t a g e  would a l s o  be v e r y  s e r i o u s .  A 
s t u d y  of  t h e  maximum 100-year f l o o d  must be made t o  s e e  i f  enough f r e e b o a r d  i s  
a v a i l a b l e  t o  t a k e  t h i s  amount of wa te r  w i t h o u t  over topp ing .  Where t h e r e  i s  no 
wa te r shed  above t h e  pond,  o r  where f l a s h  f l o o d s  can be  d i v e r t e d ,  t h i s  i s  no 
p rob lem.  



a i l i n g s  a r e a  r more canyons i n  which c l e a r  water  c o l -  
i r e d  t r a i l e r  c an  be used i n  p lace  of a 

Siphons 

A t h i r d  system uses  s iphon p ipes  i n s t a l l e d  over t h e  c r e s t  of t h e  embank- 
draw water  from the  pond and d i scharge  i t  t o  t h e  downstream t o e  of t he  

e n t  t o  a holding pond ( f i g .  24) .  This system should be used on ly  on a 
e dam where t h e  water  can be up a g a i n s t  t h e  dam. Dams b u i l t  of t a i l -  

i ngs  sand o r  borrow m a t e r i a l  should no t  have t he  wate r  a s  h igh  o r  a s  near  t o  
t h e  embankment a s  i s  necessary  f o r  the  s iphon.  I n  s p e c i a l  s i t u a t i o n s ,  where 

o t  a problem and coa r se  waste i s  a v a i l a b l e  f o r  downstream p r o t e c -  
t i o n ,  t h e  siphon can be used .  

Comparison of t h e  Three Sys terns 

e fo l lowing  advantages:  

1, Mechanical and e l e c t r i c a l  f a i l  r e s  do no t  s t o p  d i scharge  from t h e  
pond. 

2 .  The ope ra t i on  i s  extremely simple.  

d w i th  s u f f i c i e n t  c a p a c i t y ,  t hey  can s e rve  a s  
ermanent d r a i n s  a o f f  "c keep t h e  pond empty, o r  main ta in  a con- 

t a i l i n g s  ope ra t i on  has been abandoned. 

24% - Siphon on large t a i l i n g s  pond, (Cour t e~sy ,  Kennecot t  C o p p e r  Co., Utah.) 



The system has the  following disadvantages: 

1. The pumping head i s  higher  i f  water i s  co l l ec t ed  a t  t h e  downstream 
t o e  of the  embankment and pumped up t o  the  m i l l .  

2 .  High decant towers a r e  suscep t ib l e  t o  wind damage and a r e  a l s o  sus -  
c e p t i b l e  t o  damage by t a i l i n g s  s o l i d s  surrounding them. This i s  e s p e c i a l l y  
t r u e  where t a i l i n g s  a r e  dumped i n t o  t h e  pond a t  var ious  places and might slump 
i n  a  l a rge  mass aga ins t  the  tower. There i s  a l s o  danger from i c e  damage i n  
cold c l imate .  I f  sp igot ing  along t h e  c r e s t  of the  embankment is  t h e  only 
method of discharge,  t h e r e  is l e s s  danger of damage. 

3. The decant l i n e s  and towers must be designed t o  withstand the  f u l l  
hydros t a t i c  pressure of s a tu ra t ed  t a i l i n g s  t o  prevent f a i l u r e .  

4 .  Foundation se t t lements  a re  l i k e l y  t o  c rack  o r  open j o i n t s  i n  decant 
c u l v e r t s ,  leading t o  piping i n t o  and through the c u l v e r t .  For t h i s  reason 
monolithic reinforced-concrete  c u l v e r t s  a re  prefer red  over p recas t  concrete  
s e c t i o n s .  

5 .  Pipes t h a t  have col lapsed o r  cracked a r e  nea r ly  impossible t o  r e p a i r ,  
and leaks a re  almost impossible t o  s top .  

6 .  Culverts  and towers a r e  more expensive to  cons t ruc t  than barge pumps. 

Barge Pump System 

The system has t h e  following advantages: 

1. It i s  easy t o  operate i n  t h e  c ross-va l ley  embankment where the  t e r -  
r a i n  i s  s t eep ,  the  grind i s  r e l a t i v e l y  coarse ,  and t h e  c l e a r  water pool i s  
deep. 

2 .  The power consumption i s  l e s s  than f o r  the  decant system. 

3 .  The c o s t  of a  barge and pump i s  much l e s s  than t h a t  of a  decant sys-  
tem f o r  large-tonnage opera t ions .  

The disadvantages a re - -  

1. Barge pumps cannot be used i n  r e l a t i v e l y  f l a t  t e r r a i n  with a  f i n e  
g r ind  (keeping them out  of the mud becomes a  problem). 

2 .  Pumps must be r a i sed  p e r i o d i c a l l y  a s  the  pond r i s e s .  

3 .  Freezing i s  a  problem i n  cold c l ima tes .  (Low-pressure a i r  bubbling 
from submerged pipes can  keep the barge f r e e  of i c e . )  

4 .  Pumps cannot be designed t o  handle the  100-year f lood,  s o  enough 
freeboard must be provided fo r  t h i s  emergency. 



FIGURE 25. - Starter dom excavation-general ~ l o n t  section. 



FIGURE 26. - Starter dam construction-detail. 



Siphon Reclaim Systems 

These systems a re  not  recommended f o r  t a i l i n g s  embankments f o r  t h e  r e a -  
sons a l ready s t a t e d ,  but  where one can be used, i t  has t h e  advantage of being 
ab le  t o  pass fu l l - capac i ty  discharges wi th  narrow l i m i t s  of water su r face  r i s e  
i n  the pond. 

It has o ther  disadvantages: 

1. Embankment cracking because of se t t lement  can be a danger.  

2 .  It cannot pass i c e  or  d e b r i s .  

3 .  Water can f r eeze  i n  the  i n l e t  legs  and a i r  ven t s  before  t h e  water 
r i s e s  enough t o  prime the siphon. 

4 .  Siphon pipes a r e  subjec t  t o  c a v i t a t i o n  and low absolu te  pressures ,  
and so a re  l imi ted  t o  a t o t a l  drop of 15 f e e t  on e a r t h  dams. 

5 .  The make-and-break ac t ing  of t h e  siphon causes surges and stoppages 
i n  flow. 

S t a r t e r  Dam Construct ion 

When the  dam s i t e  excavation i s  complete and decant l i n e s  and d ra ins  have 
been constructed through the base of the dam, the  dam cons t ruc t ion  i t s e l f  can 
proceed. 

The excavating and hauling of ma te r i a l  from t h e  various borrow a reas  must 
be c lose ly  supervised so t h a t  each zone i n  t h e  s t a r t e r  dam rece ives  the  proper 
m a t e r i a l ,  the  layers  a re  placed on the  dam i n  proper th ickness ,  and t h e  mois- 
t u r e  and compaction a r e  up t o  s p e c i f i c a t i o n s .  Moisture and dens i ty  samples 
must be taken f requent ly  t o  insure  proper dens i ty .  

I t  has been s t a t e d  previously,  but  i t  cannot be overemphasized, t h a t  the  
s t a r t e r  dam using the upstream method cons t ruc t ion  should be r e l a t i v e l y  per -  
meable, whereas with the downstream method i t  should be r e l a t i v e l y  impermeable. 
See f igu res  25 and 26 f o r  t yp ica l  d e t a i l  of s t a r t e r  dam cons t ruc t ion .  Each 
a rea  has i t s  d i s t i n c t  problems, and these  f igu res  merely i l l u s t r a t e  some of 
t h e  d e t a i l  necessary f o r  proper cons t ruc t ion .  Figure 27 shows the  screen  
analyses of the four zone ma te r i a l s .  



FIGURE 27. - Screen of four zone materials. 

F i l l  Compaction 

Compaction of a  s o i l  i s  usua l ly  accomplished by spreading the s o i l  i n  
l a y e r s  of spec i f i ed  thickness and compacting with a  mechanical compactor. A 
number of a r b i t r a r y  s tandards f o r  determining the  optimum moistures  and maxi- 
mum d e n s i t i e s  have been e s t ab l i shed  t o  s imulate  d i f f e r e n t  amounts of e f f o r t  as  
app l i ed  by t h e  f u l l - s i z e d  equipment used i n  s o i l  cons t ruc t ion .  The s implest  
and t h e  most widely used a r e  t h e  Standard Proc tor  (6) and t h e  Modified Proctor  
(9) .  Compaction may be spec i f i ed  by procedure ( type  of compactor, l aye r  
th ickness ,  number of passes ,  and moisture content  t o  be used) o r  by end prod- 
u c t  (minimum inplace  dens i ty  r equ i red ) .  The purpose of compaction may be t o  
inc rease  the  f i l l  shear s t r e n g t h  o r  t o  decrease the  f i l l  permeabil i ty  o r  both.  

Variables  a f f ec t ing  compaction a r e - -  

1. The type of compactor: Pneumatic-tired r o l l e r ,  s t e e l  wheel, v i b r a -  
t o r y  s t e e l  wheel, sheepsfoot ,  g r i d  r o l l e r ,  v ib ra to ry  p l a t e  compactors, and 
t rack-type t r a c t o r s .  

2 .  The weight and energy of the compactor. 



3.  The thickness of l aye r s  

4 .  The placement water con ten t .  

Table 5 shows t h e  compactors recommended t o  be used t o  a t t a i n  95 t o  100 
percent of the Standard Proctor  on va r ious  s o i l s ,  bu t  during cons t ruc t ion  
r egu la r  dens i ty  t e s t i n g  i s  necessary. For c l ean  cohesionless  t a i l i n g s  sand, 
compaction i n  t h i n  l i f t s  wi th  proper moisture might be a t t a i n e d  with a  t r a c t o r  
f o r  bui ld ing  d ikes ,  but it should be checked with inplace  d e n s i t y  t e s t s .  Se l -  
dom does the  sand have l e s s  than 8 percent  minus 200-mesh m a t e r i a l ,  and gener- 
a l l y  the  moisture content  i s  i n  t h e  bulking range where compaction i s  
d i f f i c u l t .  

The pneumatic t i r e  has proved t o  be  an exce l l en t  compactor f o r  cohesion- 
l e s s  and low-cohesion s o i l s ,  including g rave l s ,  sands, c layey  sands, s i l t y  
sands, and even sandy c l ay .  It app l i e s  a  moderate pressure  t o  a  r e l a t i v e l y  
wide area  so t h a t  'enough bearing capac i ty  i s  developed t o  support t h e  pressure 
without f a i l u r e .  The l i g h t  r o l l e r s  a r e  capable of compacting s o i l s  i n  4-inch 
l aye r s  t o  d e n s i t i e s  approaching t h e  Standard Proc tor  maximum a t  optimum mois- 
t u r e  with t h r e e  o r  four  passes .  The heavy r o l l e r s  can  o b t a i n  d e n s i t i e s  above 
Standard Proc tor  maximum i n  l aye r s  up t o  18 inches t h i c k  wi th  four  t o  s i x  
passes.  

Because of the small loaded a rea  and high u n i t  pressure ,  t h e  sheepsfoot 
r o l l e r  i s  adapted bes t  t o  cohesive s o i l s  such a s  c l a y s .  Ta i l ings  embankments 
wi th  more than  20 percent minus 200-mesh ma te r i a l  i n  t h e  d ike  could be com- 
pacted wi th  t h e  sheepsfoot o r  t h e  modified sheepsfoot ,  which has some of the 
f e e t  removed and f l a t  p l a t e s  8 t o  10 inches i n  diameter welded on t h e  remain- 
ing f e e t .  This modified ve r s ion  i s  b e s t  f o r  s i l t y  s o i l s  of  low cohesion, 
which b e t t e r  descr ibes  some of t h e  t a i l i n g s  sand. Moisture c o n t r o l  i s  very 
important t o  e f f i c i e n c y  of compaction of t h i s  type of ma te r i a l .  

For cohesionless  borrow and waste ma te r i a l s ,  such as  r o c k f i l l s  and 
g rave l s ,  compaction by t rack-type t r a c t o r s  and haulage t rucks  might be ade- 
quate  i f  properly con t ro l l ed .  Where add i t iona l  compaction i s  r equ i red ,  heavy 
v i b r a t o r y  s t e e l  wheel compactors a r e  ve ry  e f f i c i e n t  and a r e  not  moisture 
dependent. 

Compaction i s  very c r i t i c a l  on s t a r t e r  dams whether pervious o r  impervi- 
ous and on t a i l i n g s  embankments and dams b u i l t  of t a i l i n g s  sand t o  r a i s e  den- 
s i t y ,  increase  s t a b i l i t y ,  and prevent  l i que fac t ion .  

A p a r t i c u l a r  compactor has i t s  own optimum water content  which may not be 
t h e  same as  t h a t  determined i n  t h e  Standard o r  Modified Proc tor  t e s t  i n  the  
labora tory .  The labora tory  t e s t s  w i l l  be wi th in  a  few percentage po in t s  of 
those  appl icable  t o  most compactors, and the  heavier  the  compactor, t h e  lower 
w i l l  be t h e  optimum moisture content .  F ie ld  dens i ty  t e s t s  w i l l  help determine 
t h e  e f f i c i e n c y  of a  p a r t i c u l a r  method. Use of compaction l aye r s  which a re  too 
t h i c k  f o r  a  p a r t i c u l a r  compactor w i l l  r e s u l t  i n  undercompaction a t  the base of 
the  l a y e r s ,  with increased ho r i zon ta l  permeabi l i ty  of t h a t  zone. 



For f ine -gra ined  s o i l s  
or d i r t y  coar re -gra ine  
s o i l s  wi th  more than 2  
pe rcen t  passing the  
No. 200 s i e v e .  Not 
s u i t a b l e  f o r  c l e a n  
coarse-grained s o i l s .  
P a r t i c u l a r l y  appropr i -  
a t e  f o r  compaction of 
impervious zone f o r  
e a r t h  dam o r  l i n i n g s  
where bonding of l i f t s  
i s  impor tan t .  

TABLE 5 .  - Compaction equipment and methods 

:or e a r t h  dam, highway, and 
a i r f i e l d  work. d r m  of 60- 

s a i l .  

g ra ined  t i c i t y  
s o i l .  index,  >30. 

Poss ib le  v a r i a t i o n s  i n  
equipment 

Uses 

. . 
t i c i t y  
index,  0 0 .  

Caarre-grained 10-14 150-250 I s o i l  1 1 
Eff ic ienL c o m p k n  of s o i l s  

we t te r  than optimum r e q u i r e s  
l e s s  con tac t  p ressure  than f o r  
the same s o i l 5  at lower m i * -  

SHEEPSFOOT ROLLERS 

Requiremrnts f o r  compaction t o  95 t o  100 percent  St+?dard 
Proc to r  maximum d e n s i t y  

4  t o  6 p a s ~ e s  
f o r  f i n e -  

inch  diameter loaded t o  
1.5 co 3  tons pe r  l i n e a l  
foo t  of drum g e n e r a l l y  i s  
u t i l i z e d .  For smal le r  
p r o j e c t s ,  40-inch-diameter 
drum loaded t o  0.75 to 
1.75 cons per l i n e a l  foo t  
of drum i s  used. Foot con- 
c a c ~  pressure should be 
regu la ted  t o  avoid shear ing  
Che s o i l  an the  3d o r  4 t h  
pass .  

Compacted 
l i f t  

th ickness ,  
inch 

I I t u ~ e  contents .  I 
RUBBER-TIRE ROLLERS 

For c l e a n .  coarse- 1 1 0  13 t o  5 l T i r e  i n f l a t i o n  oressures of 60 tolwide v a r i e ~ v  a f  r u b b e r - t i r e  
g r a i n e d  ; o i l s  wi th  4  to 
8  percen t  passing the  I 

F 

passes  o r  
coverages 

Foot 

I coverages.  80 p s i  f a r  c l e a n  g ranu la r  mate- compaction equipment i s  I r i a l  ar base cburse and subgradel  a v a i l a b l e . '  For cohesive 

Dimensions and weight o f  
equipment 

Foot 

NO- 200 s i e v e .  
F a r  f ine -gra ined  s o i l s  6 -  8  4  t o  6 

o r  wel l -e raded .  d i r t v  coveraees. 

S o i l  e w e  

c ~ a r s e - ~ ~ a i n e d  s o i l s  
w i t h  more  than 8  pe r -  
cent   as sing the  
No. 200 s i e v e .  

concacr 

May be used f o r  f i n e -  
g r a i n e d  s o i l s  a t h e r  
than  i n  e a r t h  dams. 
Not s u i c a b l e  f o r  c l e a n  

m a t e r i a l s  with 4 t o  8 

oughly wet 

c o n t a c t  

sm 

6 coverages.  

VIBRATIN( 

Appropr ia te  f a r  subgrade 
or  base course compac- 
t i o n  of well-graded 
sand-grave l  mixtures .  

compaction. s o i l s ,  l ight-wheel  loads ,  
Wheel load 18.000 t o  25,000 such as provided by wobble- 

oaunds. T i re  i n f l a t i o n  ores- wheel eauiomenr. mavbesub- 

8-12 

g r a i n e d  s o i l s  wi th  l e s s  coverages.  
than  4  t o  8  pe rcen t  
p a s s i n g  NO. 2W s i e v e ,  

POWEI 

4 coverages.  

f ine -gra ined  s o i l s  of high load i f  l i f t  th ickness  i s  

2 coverages.  For d i f f i c u l t  access, 
t r e n c h  b a c k f i l l .  S u i t -  
a b l e  f o r  a l l  inorgan ic  
s a i l s .  

%WHEEL ROLLERS 
Tandem-type r o l l e r s  f o r  base 
eourse o r  subgrade compaction. 
lo- to  15-ton weight ,  300 to 
500 pounds per  l i n e a l  inch  o f  
width of rear r o l l e r .  

3-wheel r o l l e r  f o r  compaction of 
f ine -gra ined  s o i l ;  weights  from 
5 t o  6 tons f o r  m a t e r i a l s  of low 
p l a s t i c i t y  t o  10 tons  f o r  mate- 
r i a l s  o f  high p l a s t i c i t y .  

BASEPIATE COMPACTORS 
Sing le  pads or p l a t e s  should 
weigh no l e s s  than 200 pound*. 
May be used i n  tandem where 
working space i s  a v a i l a b l e .  F o r  
c l e a n  coarse-grained s o i l .  
v i b r a t i o n  frequency should be no 
l e s s  than 1,600 c y c l e s  per 
minute. 

WLER-TRACTOR 
Na smaller  than 08 t r a c t o r  w i t h  
b lade ,  34,500-pound weight ,  f o r  
high compaction. 

4-6 f o r  silt  
o r  c l a y .  

6  for  coarse- 
grained 

I 
r n E R  OR W R  

3-wheel r o l l e r s  a re  o b t a i n -  
a b l e  i n w i d e  range of s i r e s .  
2 r h e e l  tandem r o l l e r s  are  
a v a i l a b l e  f rom1 t o  20 t o n s .  
3 -ax le  tandem r o l l e r s  are 
g e n e r a l l y  used i n  the  range 
of 10 t o  20 tons. very 
heavy r o l l e r s  a re  used for 
proof  r o l l i n g o f s u b g r a d e  o r  
base course. 

v i b r a t i n g   ads o r  p l a t e s  are 
a v a i l a b l e ,  hand-propelled 
or s e l f - p r o p e l l e d ,  s i n g l e o r  
i n  g a n g s , w i r h w i d t h o f c o v -  
e rage  froml-112 t o  15 f e e t .  
va r ious  types of v i b r a r i n g -  
drum equipment should be 
considered f o r  compaction. 
i n  l a r g e  areas. 

Tractor weights  up to 60,000 
pounds.  

30-pound minimum weight .  Con- 
s i d e r a b l e  range i s  t o l e r a b l e ,  
depending on m a t e r i a l s  and 
condi t ions .  

Weights up to  250 pounds. 
Foot diameter 4  t o  10 
inches .  



No one method of compaction can be e s t ab l i shed  as  b e s t  f o r  t h e  sand zones 
of t a i l i n g s  embankments because of the wide v a r i a t i o n s  i n  the gradat ion  of the 
sand on t h e  beach from one proper ty  t o  another .  Each mine must determine t h e  
most e f f i c i e n t  compactor f o r  t h e  ma te r i a l s  i t  i s  using.  

CONSTFXJCTION DURING OPERATION 

Coarse Sand and Clean Separat ion by Spigot ing 

The beach formed from t a i l i n g s  containing 38 t o  40 percent  minus 200-mesh 
ma te r i a l  discharged a t  30 percent  pulp dens i ty  ( f i g .  9) i s  a  r e l a t i v e l y  c l ean  
sand with 10 t o  15 percent minus 200 mesh and makes a  good dike-building mate- 
r i a l .  It  w i l l  d r a i n  r ap id ly  and can be moved with a  d rag l ine  or  dozer from 
the beach t o  bui ld  t h e  dike when t h e  moisture content  i s  optimum f o r  good com- 
pact ion.  Tests  should be made on t h i s  ma te r i a l  t o  determine t h e  optimum mois- 
t u r e ,  depth of each layer  t o  be compacted, and method of compaction. Care 
should be taken t h a t  the  moisture of t h e  sand does not  g e t  i n t o  t h e  bulking 
range where it i s  v i r t u a l l y  impossible t o  ge t  good dens i ty .  See t a b l e  5 f o r  
compaction equipment, moisture,  and compaction l i f t  requi red  t o  a t t a i n  95 t o  
100 percent  of Standard P roc to r .  The ermeabi l i ty  of t h i s  beach ma te r i a l  can -I: be i n  the  range of 1 X 10" t o  1 x 10 cent imeters  per second. 

Fine Grind and Poor Separat ion by Spigot ing 

The beach formed from t a i l i n g s  containing 55 t o  60 percent  minus 200-mesh 
ma te r i a l  and discharged a t  48 t o  50 percent pulp dens i ty  ( f i g .  10) has very  
l i t t l e  s epa ra t ion  of the sand and slime on t h e  beach, has e s s e n t i a l l y  t h e  same 
screen  ana lys i s  as  the  general  m i l l  t a i l ,  and r e s u l t s  i n  a  ve ry  poor dike-  
bui ld ing  m a t e r i a l .  This type of ma te r i a l  should probably be cycloned o r  
spigoted a t  a  much lower pulp dens i ty  t o  make a c leaner  sand. This ma te r i a l  
w i l l  have a  permeabil i ty  of 1 X t o  1 x lo-"  cent imeters  per  second and 
w i l l  be very slow t o  d ra in .  I n  t h i s  case  it would be very d i f f i c u l t  t o  
achieve the required dens i ty  t o  s t a b i l i z e  t h e  f i l l .  These examples probably 
r ep resen t  the two extremes of ma te r i a l  encountered i n  U.S. metal  mines where 
t h e  t a i l i n g s  a r e  used f o r  bui ld ing  d ikes .  

The output from a cyclone might have va r i ab le  g ra in - s i ze  gradat ion  
depending on the raw ma te r i a l .  I f  the sand from t h e  cyclones has a  very high 
s l ime and moisture content ,  it may flow a t  very  f l a t  s lopes  and go beyond the  
des ign  boundaries of the embankment. It w i l l  be slow t o  d r a i n  and d i f f i c u l t  
t o  handle. I f  slime content  i s  low, the sand w i l l  d r a i n  r a p i d l y  and be ready 
f o r  spreading and compaction by mechanical equipment soon a f t e r  depos i t ion .  

I f  t h e  minus 200-mesh ma te r i a l  conta ins  c l ay  minera ls ,  t h e  permeabil i ty  
of the cyclone underflow would be lower than i f  these f i n e s  were i n  the  
coa r se r  s i l t  s i z e s .  For t h i s  reason,  a hydrometer ana lys i s  determining gra in-  
s i z e  gradat ion  i n  the minus 200-mesh ma te r i a l  w i l l  help determine the  handling 
and permeabil i ty  c h a r a c t e r i s t i c s  of the  sands on t h e  embankment. 

Carefu l ly  cont ro l led  cyclones can produce a  very  uniform product ,  but  
when they a r e  on a  t a i l i n g s  embankment with a l l  t h e  v a r i a b l e s  t h e r e  i s  a  g rea t  



d i f f e r e n c e  i n  t h e  product. The pulp dens i ty ,  feed r a t e s ,  pressure ,  and wear 
on t h e  cyclone o r i f i c e  a l l  make a  d i f f e rence  i n  the cyclone underflow, and 
t h e r e  i s  l i t t l e  t h a t  can  be done on t h e  s h o r t  term t o  change t h e  cyclone 
adjustment t o  compensate f o r  it. 

The gradat ion  of the t a i l i n g s  from the m i l l  i s  e n t i r e l y  dependent on t h e  
g r ind  necessary t o  f r e e  t h e  o r e  minerals  from the  gangue. This i s  determined 
f i r s t  i n  the  labora tory  and then  i n  a  p i l o t  m i l l  during t h e  design phase of  a  
new mine. When a s u i t a b l e  gr ind  has been determined i n  t h e  p i l o t  m i l l ,  t e s t s  
can  be made t o  determine t h e  types and s i z e s  of cyclones and the  number of 
s t a g e s  necessary t o  provide a  s u i t a b l e  underflow. Spigot ing t e s t s  of the 
sands can a l s o  be made t o  s imula te  t h e  segregat ion on t h e  beach t o  determine 
i f  t h i s  method can be used. From t h i s  same ma te r i a l  a  probable range of pe r -  
m e a b i l i t i e s  of t h e  sand can  be determined and w i l l  enable t h e  designer  t o  
incorpora te  s u i t a b l e  seepage con t ro l  provisions i n t o  t h e  design.  The t a i l i n g s  
produced by t h e  cyclones may be adjus ted  during e a r l y  s t ages  of operat ion t o  
g e t  the proper sand f o r  embankment cons t ruc t ion .  The sand separa t ion  and 
placement should be c a r e f u l l y  watched. An attempt t o  recover add i t iona l  
meta ls  could make a change i n  t h e  m i l l  c i r c u i t  and a l s o  a f f e c t  the t a i l i n g s  
pond. 

Sand Yield 

The y ie ld  of s u i t a b l e  sand obtained i n  separa t ing  t h e  coarser  f r a c t i o n  
from t h e  raw t a i l i n g s  a f f e c t s  t h e  des ign  and cons t ruc t ion  of  the  embankments. 
A c ros s -va l l ey  dam has a  b ig  advantage over a  f l a t - coun t ry  impoundment where 
t h r e e  t o  four  s i d e s  have t o  be b u i l t  us ing  sand. A shortage of sand makes it 
d i f f i c u l t  t o  keep t h e  embanlanent c r e s t  above the f i n e r  t a i l i n g s  i n  t h e  pond. 
With f i n e  gr ind  (55 to  60 percent  minus 200 mesh and f i n e r )  and i n  f l a t  
count ry ,  cyclones with t h e  upstream method may be one way t o  keep t h e  embank- 
ment ahead of the  t a i l i n g s .  I n  t h i s  case i t  may be necessary t o  use borrow or 
mine waste as  a  supplement t o  t h e  sand. 

Operations with 35 o r  more acres  per  1,000 tons of  d a i l y  capaci ty ,  with 
t h i s  f i n e  gr ind  and with t a i l i n g s  a reas  divided i n t o  two separa te  ponds t h a t  
a r e  used a l t e r n a t i v e l y ,  can  opera te  wi th  pe r iphe ra l  discharge i f  t h e  u l t ima te  
dams a re  kept low and the  t a i l i n g s  a r e  allowed t o  d r a i n  and consol ida te  a f t e r  
each 10'-foot l i f t .  

The y i e ld  of acceptable  sand from cyclones can be ca l cu la t ed  from the  
g rada t ion  of t h e  raw t a i l i n g s  and the  c h a r a c t e r i s t i c s  of t h e  cyclones.  The 
r a t e  of embanlanent cons t ruc t ion  w i l l  depend on the  amount of ava i l ab le  sand, 
t h e  length of  embankment being b u i l t ,  and the  weather,  or  thenumber of months 
a  year  t h a t  it i s  poss ib le  t o  cons t ruc t  embankment. Using cyclones and t h e  
downstream method, each foo t  of r i s e  takes longer and r e q u i r e s  more sand than  
t h e  previous foo t .  The use of  cyclones with the c e n t e r l i n e  method i s  nea r ly  
a s  bad. 

Spigoting and bui ld ing  an upstream embankment wi th  the  beach sand 
r e q u i r e s  t h e  same amount of sand each l i f t  except f o r  t h e  increased length  a s  
t h e  embankment g e t s  higher .  



In planning any t a i l i n g s  s i t e ,  the  a c t i v e  time f o r  embankment u t i l i z a t i o n  
i s  f a r  below 100 percent .  The time requi red  t o  bui ld  embankment and r ep lace  
sp igo t s  o r  cyclones and the  time necessary t o  r a i s e  t h e  e n t i r e  l i n e  t o  a  new 
berm a r e  times when t h e  pond is n o t  a v a i l a b l e  f o r  d ischarg ing  t a i l i n g s  unless  
they can be "dumped" a t  some o t h e r  s p o t  i n  the  pond. For t h i s  reason,  it i s  
b e t t e r  t o  have two complete and separa te  dams. This i s  e s p e c i a l l y  important 
a t  t h e  s t a r t  of a  new opera t ion .  With two dams t h e r e  can  be a  complete shut -  
down of an area  so t h a t  the  sand beach can be drained,  dike b u i l t ,  and pipes 
o r  cyclones rep laced .  By a l t e r n a t i n g  s i t e s ,  a  r egu la r  schedule of maintenance 
and opera t ion  can  be s e t  up; a l s o  the  annual r i s e  of the  embankment i s  reduced, 
which improves s lope s t a b i l i t y .  Where t h e  winters  a r e  severe ,  dike bui ld ing  
can  be done only  i n  t h e  6 t o  8 banner months t o  prevent t h e  formation of i c e  
lenses  i n  t h e  beach a r e a .  Enough sand must be ava i l ab le  t o  bu i ld  enough dike 
i n  t h e  sunrmer t o  l a s t  through t h e  winter  months. Where t a i l i n g s  sand i s  used 
f o r  mine s tope  f i l l ,  the amount of sand a v a i l a b l e  f o r  embankment cons t ruc t ion  
i s  f u r t h e r  reduced; of course,  t h e  t o t a l  volume t o  be impounded i s  a l s o  
reduced by t h i s  amount. 

When t h e  gr ind  i s  such t h a t  the propor t ion  of minus 200-mesh t a i l i n g s  i s  
more than 55 t o  60 percent ,  t h e  use of cyclones i s  almost mandatory i n  order  
t o  save the  e n t i r e  volume of sand f o r  dam bui ld ing .  Under c e r t a i n  condi t ions ,  
a  water-type dam should be considered even though t h e  c a p i t a l  c o s t  i s  high. 
For these  dams t h e  opera t ing  c o s t  i s  ve ry  low. Conditions t h a t  may warrant 
water-type dams a r e  high percentage of s l imes ,  harmful chemicals i n  the  t a i l -  
ings, and, f o r  phosphate c l ay ,  s l imes wi th  no sand i n  t h e  t a i l i n g s .  

Tai l ings embankments t h a t  a r e  constructed predominantly of  sand recovered 
from m i l l  t a i l i n g s  s l u r r y  can  be cons t ruc ted  by one of  t h e  four  bas i c  methods 
described on pages 65-71. 

Upstream Construct ion With Spigot Sand 

The common method i n  sp igot ing  i s  t o  l a y  the  header p ipe  on the top of 
t h e  completed s t a r t e r  dam along t h e  upstream edge wi th  t h e  sp igo t  va lves  
pointed upward a t  about 30" angle ( f i g .  28) .  The spacing of t h e  va lves  along 
t h e  header pipe depends on t h e  t o t a l  tonnage and t h e  s i z e  of the  sp igo t  p ipe ,  
ranging from 10 t o  15 f e e t  f o r  a  2-inch l i n e  and up t o  50 f e e t  fo r  a  4-  t o  6- 
i nch  l i n e .  When t h e  t a i l i n g s  a r e a  is f i l l e d  to  the  top of t h e  s t a r t e r  dam, 
t h e  pipes a r e  removed; t h e  sand i s  allowed t o  d r a i n  and then  i s  used t o  bu i ld  
a  dam 8 t o  10 f e e t  high wi th  a  2 o r  3 t o  1 s lope ,  t h e  downstream t o e  of which 
i s  very  near the  header pipe.  The equipment used is  gene ra l ly  a  1- o r  2- 
cubic-yard d rag l ine  ( f i g .  29) and bul ldozer  o r  a  bul ldozer  alone.  The compac- 
t i o n  of t h i s  cons t ruc t ion  should be 95 percent  of Standard Proc tor .  'Ihe sand 
beach must be allowed time t o  d r a i n  before the  sand can be moved, and t h i s  may 
be 1 t o  2 months o r  more depending on t h e  c l imate  and t h e  permeabil i ty  of the 
ma te r i a l .  For t h i s  reason another  t a i l i n g s  a rea  i s  needed t o  take ca re  of 
product ion when a dam i s  being r a i s e d .  The p ipes  a r e  then put  back i n  p lace  
up the  s lope  of t h e  dam and over the  top t o  again f i l l  the  a rea .  There 
should be enough head on the  p ipe l ines  t o  r a i s e  t h e  embankment 30 f e e t  o r  more 
before  it becomes necessary t o  bui ld  a  new berm wi th  enough room f o r  a  road- 
way, and t h e  header p ipe  i s  then  r a i s e d  t o  the  higher e l eva t ion .  This 



E 28;  - Spigoting around periphery of d i  ke-upstream method; 

o p e r a t i o n  i s  more c o s t l y  and more time consuming t han  t h e  10-foot  l i f t s  and i s  
ano ther  nonuse time f o r  t he  t a i l i n g s  pond. I n  planning a  t a i l i n g s  d i s p o s a l  
system,  t h i s  nonuse t ime i s  ve ry  important  t o  t h e  o v e r a l l  schedule  of opera-  

s  and cannot be ignored.  

Upstream Cons t ruck ion  With Cvc Zones 

This method can be used where t h e  g r ind  is f i n e  (60+ percen t  minus 200 
mesh) and t h e  dam has t o  be b u i l t  on t h r e e  or  four  s i d e s .  It  r e q u i r e s  much 
l e s s  sand t han  the  downstrem method, a d  has g ~ o d  dra inage  through t h e  sand 
w i t h  a  ph rea t i c  s u r f a c e  g e n e r a l l y  fol lowing down the  sand-slime c o n t a c t .  The 
sand must have a  pe rmeab i l i t y  of more t han  100 t imes t h a t  of t he  s l imes ,  

The procedure i s  t he  same a s  wi th  sp igo t ing  except  tha  t h e  cyclones  can 
laced on towers 8 t o  10 f e e t  high o r  be mounted on movable t r u c k s .  The 
one underflow goes d i r e c t l y  on t he  u  s t ream s i d e  of the  s t a r t e r  dam and i s  
wed t o  spread a t  i t s  n a t u r a l  angle  o ha t  pulp d e n s i t y *  The 



- Borrow p i t  after constructing dike with drag line-upstream method. 
(Cour t e sy ,  Pima Mining Co., Arizona.) 

overflow i s  piped 100 f e e t  and f a r t h e r  upstream, and the  two products flow 
together  and have an i r r e g u l a r  contac t  zone. The ph rea t i c  l i n e  gene ra l ly  
i n t e r s e c t s  t h i s  co t a c t  zone, and the  combinatio of a  h ighly  permeable sand 
aga ins t  a  s l ime zone has good drainage c h a r a c t e r i s t i c s  and keeps the  sand 
q u i t e  dry .  

The dam can be b u i l t  t o  a height  of 30 to 35 f e e t  above the sand l i n e  a s  
t h r e e  successive cyclone towers a r e  completely covered. The cyclones a r e  then 
removed, the  a rea  i s  leveled t o  form a  berm with room f o r  an access road ,  the 
sand l i n e  i s  moved up t o  a  new pos i t ion ,  and the  process i s  repeated 
( f i g s .  30-31).  

With t h i s  method of depos i t ing  sand, i t  i s  very important t h a t  t h e  
s t a r t e r  dam be wel l  pro tec ted  by f i l t e r s  and d ra ins  along the  upstream toe  of 

s t a r t e r  dam. The cyclone sand covers t h i s  d r a i n  and extends up the  
tream face  of the s t a r t e r  dam. This p r o t e c t s  the  s t a r t e r  dam from becoming 
ura ted .  The a rea  immediately upstream from the  drain. w i l l  be covered with 

s l imes which with time, drainage,  and increased dens i ty  w i l l  have a  permeabil- 
ity as low as  lo-"  o r  cent imeters  per second or  lower. 



Pervious base 

IGURE 30. - P lan of upstream method w i t h  cyclones. 

FIGURE 31; - Upstream method w i t h  cyclones; (Courte~sy ,  Magma C o p p e i ,  Arizona.) 



To our knowledge, no research  has been done and no s t a b i l i t y  analyses 
have been made on t h i s  type of depos i t ,  but  i t s  s t a b i l i t y  may be as  good a s  o r  
b e t t e r  than t h a t  of dams b u i l t  from spigoted sand of the same grind and pulp 
dens i ty .  

Downstream Construct ion With Cyclones 

Only a  few U.S .  mines use a  t r u e  downstream method with cyclones 
( f i g .  3 2 ) .  This cons t ruc t ion  has been used i n  Chile  where the mines a r e  i n  
h ighly  seismic a r e a s ,  i n  B r i t i s h  Columbia where the  grind i s  60+ percent  minus 
200 mesh, i n  the  new Missouri lead b e l t ,  and i n  White Pine,  Mich. The main 
reason f o r  t h i s  type of cons t ruc t ion  i s  t h a t  i t  i s  thought t o  be more s t a b l e  
and l e s s  suscep t ib l e  t o  l i que fac t ion  under seismic shock. 

The design and cons t ruc t ion  a r e  q u i t e  var ied  i n  the  d i f f e r e n t  a reas  
because of d i f f e r e n t  condit ions of  t e r r a i n ,  tonnage, gr ind ,  e t c .  The s t a r t e r  
dam i s  genera l ly  compacted borrow mate r i a l  and r e l a t i v e l y  impervious; a  second 
downstream toe  dam 200 t o  300 f e e t  below i s  pervious,  Between the  two dams 

FIGURE 32. - Downstream method w i t h  cyclones,  (Courtesy ,  Whi te  P ine  C o p p e r ,  ,Nichiya71.) 



a r e  dra ins- -p ipe ,  f i n g e r ,  or  blanket--which d r a i n  t o  the  oucside of the  Toe 
dam t o  a  holding pond. 

The cyclones can be mounted on a  t ruck  which can s t a r t  a t  one abutment 10 
o r  more f e e t  above the  top of t h e  s t a r t e r  dam; the  overflow goes i n t o  the  pond 
and t h e  underflow is placed ahead of the  cyclone t r u c k  and downstream of the  
s t a r t e r  dam. I n  t h i s  way t h e  cyclone t ruck  bu i lds  i t s  own roadway i n  the  
d i r e c t i o n  of t r a v e l .  Careful  planning i s  requi red  t o  assure  room fo r  the  
s l imes  while a  berm l i f t  is completed f o r  the f u l l  l ength  of the dam. This 
system has much mer i t  and has these advantages: 

1. The cyclones a r e  i n  one p l ace ,  and a l l  have equal pressure and a re  
e a s i l y  ava i l ab le  f o r  maintenance. 

2 .  L i f t s  a s  high a s  30 f e e t  can be made the  f u l l  length of the dam i n  
one pass ,  which reduces t h e  moving time. 

3 .  The& i s  a  reduct ion  i n  manpower compared with o ther  cyclone methods. 

4 .  It u t i l i z e s  more of the sand f o r  dam bui ld ing  where the  sand por t ion  
i s  low. 

5 .  It  apparent ly  produces a  good dam, although t h e r e  have been no 
r e p o r t s  of s t a b i l i t y  ana lyses .  

I f  the mobile cyclones a r e  not  used, the main t a i l i n g s  l i n e  can be l a i d  
along the  middle o r  ou t s ide  edge of the  s t a r t e r  dam wi th  the cyclones on 
towers 8 t o  10 f e e t  above the pipe and 10 t o  15 f e e t  downstream from t h e  pipe.  
When the  sand f i l l s  up to the  underflow of the  cyclones,  new towers can be 
b u i l t  f a r t h e r  from the  pipe and the  process repea ted .  I f  the area is l a rge  
enough and t h e  f i n e s  s to rage  a rea  i s  l a rge  enough r e l a t i v e  to  the dike length,  
a s  much a s  30 t o  35 f e e t  of sand dike can be b u i l t  before i t  i s  necessary t o  
r a i s e  the main l i n e .  The system is awkward because it i s  d i f f i c u l t  to have an 
access  road on top of  the dam with a l l  the  pipes and cyclones occupying t h e  
same a rea .  I f  the dam can be b u i l t  wi th  t h i s  method f a s t e r  than necessary f o r  
f i n e s  s torage ,  t h e  t o t a l  t a i l i n g s  can  be dumped f o r  p a r t  of the year ,  which 
reduces the c o s t  a  g r e a t  dea l .  This is e s p e c i a l l y  b e n e f i c i a l  i n  cold c l imates  
where dam bui ld ing  i s  impossible i n  the  winter .  

Covering the  upstream face  of t h e  cycloned sand wi th  compacted borrow 
should be unnecessary i f  a  c l ean  sand i s  produced which has a  permeabil i ty  of 
more than 100 times t h a t  of the s l imes i t  i s  r e t a i n i n g .  The s l imes themselves 
form a beach aga ins t  t h e  sand which a c t s  t o  reduce t h e  amount of water flowing 
t o  t h e  face of the sand. Because of the increase  of permeabil i ty  from the  
c l e a r  water pool t o  the sand, the  ph rea t i c  l i n e  should drop r a p i d l y  t o  t h e  
d r a i n s  between the  two dams and out  t o  t h e  holding ponds. This system has t h e  
f l e x i b i l i t y  of bui ld ing  the  dam r a p i d l y  and s t a y s  f a r  i n  advance of t h e  s l ime.  
I f  sand is s h o r t ,  borrow can  be supplemented on the ou t s ide  of the embankment. 
I f  p i t  waste were a v a i l a b l e ,  i t  could be used ins t ead  of borrow. I f  borrow 
i s  expensive, i t  should be avoided and a l t e r n a t i v e  methods r equ i r ing  l e s s  
sand,  such as  the  upstream method using cyclones,  should be used. 



I f  the  embankment i s  cons t ruc ted  of  t a i l i n g s  by t h e  downstream method, a  
l a rge  tonnage of sand has t o  be placed downstream of  the  s t a r t e r  dam before 
t h e  c r e s t  can be r a i s e d .  A t  s t a r t u p ,  i f  the  s t a r t e r  dam i s  not  high enough, 
t h e  pond f i l l s  up wi th  s l imes before t h e  dam c r e s t  can be r a i s e d  by t h e  
cyclone underflow. A higher  s t a r t e r  dam provides more time f o r  p lac ing  sand 
on the  downstream slope before t h e  pond reaches t h e  c r e s t  of the  dam. This 
can  a l s o  e l iminate  the  need f o r  borrow mate r i a l  t o  supplement t h e  sand. I f  
t h e  s t a r t e r  dam i s  across  a  v a l l e y  wi th  a  l a rge  drainage a r e a ,  it should be 
designed t o  hold the  runoff  water as  w e l l  as  the normal m i l l  water .  The use 
of  a  temporary spi l lway t o  bypass runoff i s  r e a l l y  not  f e a s i b l e  i n  most cases .  
The most s u i t a b l e  c r e s t  e l eva t ion  w i l l  be determined by three  factors--water  
c l a s s i f i c a t i o n ,  runoff  c o n t r o l ,  and t h e  most economical o v e r a l l  embankment 
c r o s s  sec t ion ,  which depends on q u a l i t y  an3 a v a i l a b i l i t y  of bui ld ing  ma te r i a l .  

The downstream method wi th  cyclones and borrow i s  sometimes used where 
t h e r e  may not  be enough sand ava i l ab le  by sp igot ing ,  o r  t h e  segregat ion  on the  
beach i s  not  g r e a t  enough t o  supply c l e a n  sand f o r  dike bui ld ing .  Some a r e  
us ing  it or advocating i t s  use because of a  higher FS where the  sands a r e  
spread and compacted, achieving high shear  s t r eng th .  I f  a  c l e a n  sepa ra t ion  i s  
a t t a i n e d  by cyclones and t h e  s l imes form somewhat of  a  beach where deposi ted 
aga ins t  the sand, t h e  ph rea t i c  l i n e  can  be kept low because of the much higher 
permeabil i ty  of the  sand. One disadvantage of t h i s  system i s  t h e  add i t iona l  
c o s t  assoc ia ted  with cyclones;  another i s  the  tremendous q u a n t i t y  of sand 
requi red  a s  t h e  dike g e t s  higher .  This method i s  inhe ren t ly  s a f e r  than t h e  
upstream method. 

Cen te r l ine  Method 

I n  the  c e n t e r l i n e  method, t h e  underflow from cyclones i s  deposi ted both 
upstream and downstream from t h e  i n i t i a l  s t a r t e r  dike.  The c e n t e r l i n e  of the 
u l t ima te  dam i s  d i r e c t l y  over the  cen te r  of the  i n i t i a l  s t a r t e r  d ike .  Ear th-  
moving equipment can be used t o  f l a t t e n  both s lopes ,  o r  the  s lopes can be l e f t  
a t  the  angle of repose ( f i g .  33) .  

Inf luences on Design 

The four cons t ruc t ion  methods described i n  t h e  preceding paragraphs 
r e s u l t  i n  s u b s t a n t i a l l y  d i f f e r e n t  embankment c ross  sec t ions  with d i f f e r e n t  
ma te r i a l  c h a r a c t e r i s t i c s  and s t a b i l i t y  condi t ions .  

I n  t h e  upstream method of cons t ruc t ion ,  the  s t a b i l i t y  of  the  embankment 
i s  dependent l a r g e l y  on t h e  shear  s t r eng th  c h a r a c t e r i s t i c s  of the  t a i l i n g s  
deposited upstream of the embankment. The embankment i t s e l f ,  b u i l t  by drag- 
l i n e  o r  bul ldozer  o r  both,  w i l l  gene ra l ly  have g r e a t e r  shear  s t r eng th  and d i f -  
f e r e n t  permeabil i ty  than t h e  undisturbed ma te r i a l ,  but has l i t t l e  e f f e c t  on 
o v e r a l l  s t a b i l i t y  because it i s  only a  t h i n  s h e l l  when viewed a s  p a r t  of  a  
s l i p  c i r c l e .  The shear s t r eng th  of the  sedimented s o l i d s  i s  governed by the  
gradat ion  and dens i ty  of the s o l i d s ,  t h e  pulp dens i ty  of t h e  s l u r r y ,  and the  
d i s t r i b u t i o n  of the pore water pressure  wi th in  t h e  depos i t  a f t e r  sedimenta- 
t i o n .  The t a i l i n g s  as  deposi ted have v e r y  low shear  s t r eng th ,  but  t h i s  
increases  wi th  time as  drainage and consol ida t ion  take p lace  under the  weight 



FIGURE 33. - Cyclones on center l ine method of dam bui lding in  smal l  operation. 

(Courtesy ,  St. J o e ,  Indus tr ies ,  Missouri.) 

of t h e  over lying m a t e r i a l  ( f i g .  4 ) .  Shear s t r e n g t h  t e s t s  of r e p r e s e n t a t i v e  
samples of t h e  t a i l i n g s  w i l l  g i ve  an  i n d i c a t i o n  of t h e i r  e f f e c t i v e  angle  of 
i n t e r n a l  f r i c t i o n .  Shear s t r e n g t h  depends on two t h i n g s ,  t he  f r i c t i o n  angle  
(@ angle )  and cohesion ( C ) .  The pore  wate r  p r e s su re  does not  change t h e  @ 
a n g l e ,  but the  buoyancy caused by wate r  under p r e s su re  does decrease  t h e  shear  
s t r e n g t h .  For t h i s  r ea son  t h e  pore  water  p r e s su re  w i t h i n  t h e  d e p o s i t  i s  
impor tan t .  Because of the  l a r g e  v a r i a t i o n s  i n  pe rmeab i l i t y  i n  d i f f e r e n t  a reas  
of t h e  t a i l i n g s  d e p o s i t ,  i t  i s  d i f f i c u l t  t o  p r e d i c t  the  pore wate r  p r e s su re s  
i n  advance. Ta i l i ngs  ponds of any app rec i ab l e  s i z e  should be w e l l  monitored 
by piezometers t o  measure t he  pore  water  p r e s su re s  a s  c o n s t r u c t i o n  proceeds.  
I f  pore  water p r e s su re s  g e t  too  h igh ,  f i l l i n g  can be stopped and t h e  a r e a  
allowed t o  d r a i n .  

A computer a n a l y s i s  can  b e  made of t h e  t a i l i n g s  embankment a t  d i f f e r e n t  
wa t e r  e l eva t i ons  t o  i n d i c a t e  a t  what l e v e l  t h e  s t a b i l i t y  becomes dangerous.  



Because of the d i f f e rences  i n  waste minerals ,  g radat ion  ( f i g .  2 ) ,  and 
pulp dens i ty  from one mine t o  another ,  t h e  design of the  t a i l i n g s  embankment 
w i l l  a l s o  vary  g r e a t l y .  The upstream method a t  a  given mine can t o l e r a t e  a  
c e r t a i n  downstream f i l l  s lope  and be constructed t o  a  given e l e v a t i o n  and 
s t i l l  have a  1 . 3  t o  1 .5  f a c t o r  of s a f e t y .  The a c t u a l  maximum s a f e  height  w i l l  
depend on the  shear s t r e n g t h  of the ma te r i a l .  To inc rease  t h e  he igh t  t o  which 
t h e  t a i l i n g s  dam can be cons t ruc ted ,  the downstream s lope  must be f l a t t e r  or  
the beach must be compacted t o  a  dens i ty  above 60 percent  of r e l a t i v e  dens i ty .  
I f  an opera t ing  pond i s  a v a i l a b l e  f o r  de t a i l ed  s tudy,  sampling and t e s t i n g  can 
be conducted from t h e  d ike  inward f o r  800 t o  1,000 f e e t  toward t h e  decant or  
s l ime area with a  s e r i e s  of holes  from t h e  su r face  down t o  n a t u r a l  s o i l .  From 
these  t e s t s  the dens i ty  and slope of the projected t a i l i n g s  pond can  be 
planned p r i o r  t o  cons t ruc t ion .  A computer program f o r  s t a b i l i t y  can  then 
determine what must be done t o  a t t a i n  a  given he igh t .  Addi t ional  volume s t o r -  
age due t o  compaction is  minimal, bu t  e f f e c t i v e  compaction could r a i s e  t h e  
dens i ty  above the  c r i t i c a l  dens i ty  so t h a t  l i que fac t ion  would probably not  
take p lace  i n  case of seismic shock. The low dens i ty  of  the  ma te r i a l  on the  
beach as  it i s  deposited by sp igots  i n  t h e  pe r iphe ra l  d ischarge  method i s  t h e  
main problem wi th  the upstreammethod of  cons t ruc t ion .  For t h i s  reason t h i s  
method i s  considered t o  be l imi t ed  t o  low dams i n  nonseismic a r e a s .  A main 
advantage of t h i s  system i s  the  low opera t ing  c o s t ,  compared wi th  t h a t  of 
methods using cyclones on t h e  pond a rea .  

Another p r a c t i c e  used i n  t h e  upstream method t h a t  i s  de t r imenta l  t o  s t a -  
b i l i t y  i s  the c r e a t i o n  of a  l a rge  borrow area by the d rag l ine  i n  bui ld ing  up 
t h e  dike a f t e r  each l i f t  ( f i g .  2 9 ) .  When sp igot ing  i s  continued from t h e  top  
of the new-dike, t h i s  borrow area i s  f i l l e d  with t o t a l  t a i l i n g s  before it 
overflows and runs t o  the water pool .  This borrow a r e a  now has t h e  run-of- 
m i l l  t a i l i n g s  i n  i t ,  which would have a lower permeabi l i ty  than t h e  segregated 
sand when a  beach i s  being formed. This places a  b a r r i e r  a g a i n s t  the  d ike  f o r  
t h e  e n t i r e  he ight  of the dam, and while  i t  i s  not continuous, i t  can  be t h e  
source of a  weak plane i n  t h e  s t a b i l i t y  ana lys i s  ( f i g .  3 4 ) .  This  condi t ion  i s  
worse on a  coarse gr ind  wi th  segregat ion  on the beach because t h e  water goes 
from a  r e l a t i v e l y  permeable segregated sand and comes up a g a i n s t  t h e . l e s s  

FIGURE 34. - Barrier formed by borrow area in upstream construction. 



permeable ma te r i a l  i n  t h e  borrow a rea ,  which i s  con t ra ry  t o  t h e  r u l e  of having 
t h e  permeabil i ty  inc rease  toward t h e  ou t s ide  of t h e  dam. To remedy t h i s  s i t u -  
a t i o n ,  the  borrow should be obtained from a  wider a rea  and pushed up t o  the  
d r a g l i n e  by a  bul ldozer  t o  e l iminate  t h e  deep borrow p i t .  I n  t a i l i n g s  pond 
w i t h  a  f i n e  gr ind  and high pulp dens i ty ,  t h e r e  i s  p r a c t i c a l l y  no segregat ion,  
s o  t h e  ma te r i a l  t h a t  f i l l s  up the  borrow area  i s  about t h e  same as  t h a t  which 
was excavated. 

Sand Separa t ion  

Figure 2  shows the  screen  ana lys i s  o f  some t y p i c a l  copper,  i r o n ,  lead-  
z i n c ,  gold, and molybdenum m i l l  t a i l s .  These have a  spread of 38 t o  69 pe r -  
c e n t  minus 200 mesh and r ep resen t  the bulk of the metal mines i n  the  United 
S t a t e s .  Figure 3 shows a  t y p i c a l  curve of some phosphate s l imes wi th  100 
percent  minus 20 micrometers and 26 percent  minus 0 . 2  micrometer. 

Spigots  

The most common method of  p lac ing  t a i l i n g s  on a  pond i n  upstream cons t ruc-  
t i o n  i s  by sp igots  spaced 16 t o  60 f e e t  a p a r t  along a  header pipe which i s  
i n s t a l l e d  on t h e  embankment c r e s t  ( f i g .  28) .  The ma te r i a l  immediately ad ja -  
c e n t  t o  the  sp igo t s  is used f o r  d ike  cons t ruc t ion  on t h e  next  l i f t  and should 
be t h e  bes t  t a i l i n g s  ma te r i a l  a v a i l a b l e .  The g r a v i t a t i o n a l  s epa ra t ion  of the 
sand and slime as  it flows i n t o  the  pond ranges from very  poor t o  very good 
depending on the  g r ind ,  s p e c i f i c  g r a v i t y ,  and pulp dens i ty .  Figure 9 shows 
t h e  gradat ion  of the  m i l l  t a i l s  from mine A (see below), the  gradat ion  a t  t h e  
d i k e ,  and t h e  change i n  gradat ion  1,000 f e e t  from t h e  dike of  a  ma te r i a l  t h a t  
has  about 38 percent  minus 200 mesh and i s  spigoted a t  30 percent  pulp dens i ty  
by weight.  Figure 10 shows the  gradat ions  f o r  a  ma te r i a l  t h a t  has 58 percent  
minus 200 mesh and i s  spigoted a t  48 t o  50 percent  pulp dens i ty .  F igure  35 
shows the uniformity of the  permeabil i ty  change i n  mine A; the  v e r t i c a l  perme- 
a b i l i t y  i s  8  X lo-' cent imeters  per second a t  the  d ike  and decreases t o  
9  X centimeters  pe r  second 700 f e e t  from the d ike .  The ho r i zon ta l  perme- 
a b i l i t y  had the  same r e l a t i v e  decrease i n  a  1,000-foot d i s t ance  from t h e  
s p i g o t  po in t  but  was approximately f i v e  times t h e  v e r t i c a l .  In  mines B and C 
( f i g .  36-37), t h e  ho r i zon ta l  and v e r t i c a l  permeabi l i ty  i n  sur face  t e s t  p i t s  i s  
about  the same a t  the  dike a s  it i s  500 f e e t  from t h e  d ike  and a l s o  near  the  
decant  area 3,000 f e e t  from the  d ike .  From very l imi t ed  t e s t i n g  t h e r e  i s  a l s o  
no apparent d i f f e rence  i n  permeabil i ty  between the ho r i zon ta l  and v e r t i c a l  
samples from su r face  t e s t  p i t s .  The v e r t i c a l  permeabil i ty  does d e f i n i t e l y  
decrease wi th  depth and is  very  low j u s t  above the n a t u r a l  s o i l .  These two 
examples might represent  t h e  extremes of what can be expected from sp igo t ing .  
Mine B could c e r t a i n l y  improve the separa t ions  of t h e  sand and sl imes i f  i t  
were necessary by decreasing t h e  pulp dens i ty  10 to 20 percent .  
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FIGURE 35; - Permeability, mine A-uniformity of change. 

Cyclones 

As the  gr ind  i n  metal mines becomes f i n e r ,  50 t o  60 percent  minus 200 
mesh, cyclones can recover  a l a r g e r  percentage of the sand f o r  d ike  bui ld ing  
than can sp igo t ing ,  and they a r e  being used f o r  t h i s  purpose. They a r e  
usua l ly  mounted on the  c r e s t  of the embankment bu t  a r e  sometimes mounted on an 
abutment a t  one s i d e  of the  embankment. From the  cyclones t h e  f i n e s  a r e  piped 
t o  the  t a i l i n g s  pond, and the  coarser  sand drops d i r e c t l y  onto the  embankment 
or  i s  repulped and discharged through sp igo t s  o r  launders  onto the  embankment. 
In some c a s e s ,  the f i n e s  can  be piped upstream many hundred of f e e t  s o  t h a t  no 
sl imes a r e  beneath t h e  dike a r e a .  I n  some cases  the s l imes may be piped t o  
another t a i l i n g s  pond temporari ly.  



FIGURE 36. - Permeability, mine B-nonuniformity of 
change. 
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FIGURE 37. - Permeability, mine C-non~niformit~ of 

0 100 3 0 0  5 0 0  l i g i b l e ,  and the  t a i l i n g s  
themselves have an over-  

DISTANCE FROM DISCHARGE POINT, feet r i d i n g  e f f e c t  on t h e  down- 
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ward movement of water .  A 
t a i l i n g s  dam t h a t  s t a r t s  
wi th  a  permeable gravel  base 
w i l l  u l t ima te ly  develop an 
almost impervious base.  
This i s  because the  water  
can e a s i l y  escape from the  
t a i l i n g s  i n t o  t h e  n a t u r a l  
ground, allowing t h e  bottom 
l aye r  t o  conso l ida t e  
( f i g .  38). Note t h a t  i f  the  
sands can be placed near  t h e  
i n t e r i o r  t o e  of the d ike ,  
t h e  pervious base remains 
e f f e c t i v e  and w i l l  func t ion  
l i k e  a  long i tud ina l  d r a i n ,  
and the  lower p h r e a t i c  l i n e  
may be used f o r  s t a b i l i t y  
a n a l y s i s .  I f  one cannot 
assure  t h i s ,  t h e  permeabil- 
i t y  of t h e  entire base  
approaches zero ,  and the  
upper l i n e  must be used f o r  
s t a b i l i t y  ana lys i s .  As t h e  
s t r u c t u r e  increases  i n  

--- 

change. he igh t ,  i t s  cond i t ion  could 
change from very s t a b l e  t o  

very  uns table  unless  t h e  ou t s ide  is kept  f r e e - d r a i n i n g  Frozen condi t ions  can 

a l s o  impair s t a b i l i t y  ( f i g .  39).  

Pond Water Management - 

t h e  s t a r t  of f i l l i n g  and 
eventual  abandonment. I n i -  
t i a l l y ,  a pervious base has 
s t a b i l i t y  advantages because 
of water  movement through 
the  bottom, but  as  the  
he ight  i nc reases  and the  
s l imes accumulate over l a rge  
a reas ,  conso l ida t ion  reduces 

/ the permeabi l i ty  of the  base 
As t h e  he ight ,  of the dam 
inc reases ,  the e f f e c t  of the  
o r i g i n a l  base becomes neg- 

K H  
- K~ 

\ 
\ 
\ 
\ 

The movement ( lo s s )  of 
water i n  a  t a i l i n g s  pond 
v a r i e s  cons iderably  between 



k stays at a3 k = o o  becomes k = O  . 
FIGURE 38; - Change of bose permeability wi th  time and material. 

Homogeneous 

Unfrozen 4 

Homogeneous, 

FIGURE 39. - Location of phreotic line for frozen versus unfrozen face; 

The pool a rea  may be a s  much a s  25 percent  of the  t o t a l  a r ea  of the  
impoundment, but  i t  should be kept  as  small  as  poss ib le  t o  minimize evapora- 
t i o n  lo s ses  i n  a hot ,  dry c l ima te ,  o r  t o  r e s t r i c t  the s i z e  of the  s l ime area  
and keep t h e  water pool as  f a r  from the  c r e s t  as  poss ib le .  The evaporat ion 
lo s ses  i n  d e s e r t  a reas  may be as  much a s  84 inches per year ,  which i s  an 
average of &bout 4 gallmin per ac re  of pond and 2 gallmin acre  of wet sand. 
The decant system o r  barge pumps should be designed s o  t h a t  the  water pool may 
b e  cont ro l led  wi th in  seve ra l  inches.  



Embanbent Freeboard and Wave P ro tec t ion  

Ta i l ings  embankments b u i l t  of borrow mate r i a l  need p ro tec t ion  from wave 
a c t i o n  i f  the  water i s  allowed t o  come agains t  the borrow dike .  Wave a c t i o n  
i s  a  very  des t ruc t ive  force  and can  erode and overtop an embankment unless  
ample freeboard i s  provided. The he ight  of the waves depends on the  wind 
v e l o c i t y ,  t h e  dura t ion  of the wind, the  f e t ch  ( the  d i s t ance  the wind can  a c t  
on the  water ) ,  and the  depth of water .  On s t eep  upstream s lopes ,  r i p r a p  w i l l  
l i m i t  the  uprush of the waves t o  approximately 1.5 times the  height  of the  
waves and w i l l  prevent  e ros ion  by wave ac t ion .  Tai l ings  embankments should 
not  have f r e e  water s tanding aga ins t  the  dike except where a  water-type dam i s  
impounding the t a i l i n g s ,  and then they should have r i p r a p  on the  upstream face .  
Table 6 gives the aproximate wave he ights  fo r  var ious  wind v e l o c i t i e s  and 
f e t c h ,  and the freeboard and r i p r a p  gradat ion  f o r  the 3 : l  s lope .  For 2 : l  
s lopes ,  the thickness should be 6  inches g r e a t e r .  A layer  of f i l t e r  gravel  
should be placed between the r i p r a p  and the embankment. 

Fetch,  miles  

TABLE 6. - Embankment freeboard and wave p ro tec t ion  

APPROXIMATE WAVE HEIGHTS 
Wave he ight ,  f e e t  

2.7 

10 ...................... 100 

Fetch,  miles  
............ Less than 1 

1 . . . . . . . . . . . . . . . . . . . . . .  
2 . 5  .................... 
5 ...................... 

10 ...................... 
RIPRAP REQUIRED 

Reservoir  f e t ch ,  miles  

1 and l e s s  ............. 
2.5 . . . . . . . . . . . . . . . . . . . .  
5 ...................... 

10 . . . . . . . . . . . . . . . . . . . . . .  
'sand and rock  dus t  l e s s  than  5 percent .  

Source: U.S. Bureau of Reclamation. 

FREEBOARD REQUIRED FOR WAVE ACTION 
Normal freeboard,  f e e t  

4  
5 
6  
8 

10 

Minimum freeboard,  f e e t  
3  
4 
5  
6 
7  

ON 3:  1 SLOPES FOR PROTECTION AGAINST WAVES 

N 0 m i p . L  
thickness, 

inches 

18 
24 
30 
36 

Gradation, percentage of s tones  of 
var ious  weights (pounds) 

Maximum25 
s i z e  

1,000 
1,500 
2,500 
5,000 

percent  
g r e a t e r  

than--  
300 
600 

1,000 
2,000 

25 percent  
l e s s  

than1 -- 
10 
30 
5 0  

100 

45 t o  75 
percent  

From 
10 
30 
50 

100 

To 
300 
600 

1,000 
2,000 



Wave a c t i o n  i s  not  a  problem i f  even a  small  beach i s  provided between 
the dike and t h e  water ,  because t h e  waves d i s s i p a t e  harmlessly i n  t h e  shallow 
water on the  beach. 

The c r e s t  width should be no l e s s  than 12 f e e t  f o r  easy equipment opera- 
t i o n  i n  a  s i t u a t i o n  where water i s  aga ins t  the  embankment. The most s u i t a b l e  
c r e s t  width w i l l  depend on the  allowable pe rco la t ion  d i s t ance  through the  
embankment a t  f u l l  pond l e v e l ,  the  height  of the  s t r u c t u r e ,  and ease of con- 
s t r u c t i o n .  I n  the  upstream, downstream, and c e n t e r l i n e  methods using t a i l -  
ings t o  r a i s e  the  embankment, t h i s  does not  apply because the  water i s  not  i n  
con tac t  wi th  the  d ike .  The width i s  then governed by t h e  equipment used. 

The approximate c r e s t  width f o r  embankments under 100 f e e t  high i s  given 
by the  quest ion:  

where W = c r e s t  width i n  f e e t ,  

and z  = height  of t h e  c r e s t  above the  foundation a t  i t s  lowest p o i n t .  

Tai l ings dams over 100 f e e t  i n  he ight  should have c r e s t s  not  l e s s  than 30 
f e e t  i n  width. 

CORES, BIANKETS , AND MEMBRANES 

With water q u a l i t y  becoming ever  more important,  t a i l i n g s  dam des ign  must 
incorporate  methods t h a t  l i m i t  seepage i n t o  t h e  groundwater and downstream t o  
t h e  g r e a t e s t  ex tent  economically poss ib l e .  Water conservat ion by r ecyc l ing  
a l s o  must be a  p a r t  of the design.  

Where t h e  only economically ava i l ab le  ma te r i a l s  f o r  s t a r t e r  dam cons t ruc-  
t i o n  make a pervious embankment, the  seepage water t h a t  comes through the  
s t a r t e r  dam or  through d ra ins  i n t o  the  downstream a rea  must be c o l l e c t e d  and 
e i t h e r  recycled or  given necessary t reatment  before it i s  re leased  t o  t h e  
dra inage .  Seepage, as  such, i s  no problem i f  i t  i s  con t ro l l ed .  I f  seepage 
must be reduced o r  i f  the  e n t i r e  t a i l i n g s  a rea  i s  on deep pervious s o i l  which 
prevents  c o l l e c t i o n ,  then impervious c o r e s ,  b l anke t s ,  or  membranes can be used 
t o  reduce t h e  seepage from the  pond. 

Seepage can  be con t ro l l ed  when using pervious cons t ruc t ion  ma te r i a l s  by 
p lac ing  a  v e r t i c a l  o r  inc l ined  zone of impervious ma te r i a l  a t  t h e  c e n t e r  or  
upstream from t h e  cen te r  of  the  dam. When a r e l a t i v e l y  impervious l aye r  i s  a t  
a  shallow depth below t h e  foundation, a  core  t rench  can be c u t  through the  
foundation i n t o  the impervious l aye r  t o  extend the  co re .  A core t rench  i s  
i l l u s t r a t e d  schematical ly i n  f igu re  40. 

I n  conjunct ion with an impervious co re ,  a  blanket  o r  membrane may be used 
t o  extend t h e  impervious zone upstream of the  embankment. This increases  t h e  
head l o s s  and the  length of the seepage pa th  through the  pervious foundation. 



f Impervious zone 

/ Core trench through pervious foundation 

where pe~ious foundation extends to shallow depth 

FIGURE 40; - Core trench. 
It decreases the seepage losses fromthepond and decreases the uplift from 
the hydrostatic pressures beneath the dam. The amount of seepage that is 
tolerable will determine the necessary extent and thickness of the upstream 
blanket or membrane to accomplish this. The extent of most tailings ponds is 
so great that plastic films or liners are too costly. Clay blankets and cores 
have been the usual method of reducing seepage. These have low permeabilities 
but are not readily available in some areas. The area of the impervious 
blanket should be large enough that the estimated seepage is not above the 
allowable maximum when the high range of permeability of the blanket material 
is applied (fig. 41). 

In specific situations such as in areas of shallow bedrock, it is best to 
catch all seepage for recycling or treatment and release (fig. 42). 

Sealing the Bottom of Tailings Ponds 

lmwrvious wre Tailings 

- Sand to slime --c 

Upstream blanket or membrane reducer leakage 
by increasing length of seepage path 

FJGURE 41. - Impervious zones-cores; 

ponds in areas 
with deep soil 
(more than 50 feet 
to bedrock) of 
high permeability 
may be required to 
reduce seepage 
into the ground 
water because of 
contamination from 
chemicals, metal- 
lic ions, dis- 
solved solids, or 



Barge pump 
I to mill 

c c  

Zoned construction 

~lanket, strip, or pipe drain 

FIGURE 42. - Closed system. 

o t h e r  de l e t e r ious  m a t e r i a l s .  The usual  t a i l i n g s  pond has a  c l e a r  wa te r - so i l  
con tac t  on t h e  upstream s i d e  which can account f o r  75 t o  95 percent  of  t h e  
seepage from a  pond ( f i g .  43) .  I n  r e l a t i v e l y  f l a t  t e r r a i n  t h i s  zone can be 
seve ra l  hundred f e e t  wide and wi th  a  permeabil i ty  of t o  cent imeters  
pe r  second can t ransmi t  a  tremendous amount of water  i n t o  the  subsurface.  

Because of the l a rge  areas  used, t a i l i n g s  ponds may be 5,000+ ac res  i n  
s i z e ,  and t h e  usual  s ea l ing  ma te r i a l s  such a s  a s p h a l t ,  rubber ,  p l a s t i c ,  e t c . ,  
a r e  p roh ib i t ive ly  expensive. The t a i l i n g s  themselves can be used t o  c u t  down 
t h i s  flow by placing a  l aye r  of slimes on t h e  n a t u r a l  s o i l  f i r s t .  I f  the  
g r ind  i s  f i n e  enough (50 t o  60 percent minus 200 mesh) t h e  e n t i r e  t a i l i n g s  
flow can be used t o  make a  s e a l  about 5  f e e t  t h i c k .  The f l a t t e r  the  a r e a ,  the  
e a s i e r  it i s  t o  do t h i s .  I f  the  t a i l i n g s  have a  smaller  percentage of minus 
200-mesh ma te r i a l ,  it may be necessary t o  cyclone t h e  product t o  ge t  ma te r i a l  

Slime to sand 
Zoned construction 

or filter drain 

K = 1 10-5 to 1  10 
(10 to 0.1 ftlyrl 

K = 1  x 10" to 1  x 10.' cmlsec 
(10,MW) to 100 ftlyrl 

Very permeable base 

FIGURE 43; - Clear water-soil contact; 



5 . foot slime layer ahead of 
clear water pool 

Slime to rand 

K = 5 105 to 1 x 1@5 cm/sec 
(50 to 10 W y r l  I1 ro 0.1 Wvrl 

FIGURE 44. - Five-foot slime layer at bottom of pond; 

f i n e  enough t o  make a temporary blanket  w i t h  a permeabil i ty  of 5 X lo-' t o  
1 x cent imeters  per  second o r  slower ( f i g .  44). This i s  much more 
impervious than t h e  lo* t o  centimeter-per-second permeabil i ty  of many 
s o i l s .  When t h e  temporary s e a l  is  i n  p l ace ,  normal sp igot ing  or  cycloning can  
be i n i t i a t e d ,  and t h e  operat ion can proceed i n  the regular  manner. Thus, the  
seepage v e l o c i t y  i n t o  t h e  groundwater i s  reduced from 1,000 t o  10,000 f e e t  per 
year  t o  10 t o  50 f e e t  per year .  A s  t h e  e l e v a t i o n  of the  pond inc reases ,  the  
depth  of the s l ime increases ,  and with a permeable base and consol ida t ion ,  t h e  
permeabil i ty  through t h e  bottom of the pond may be reduced t o  1 X c e n t i -  
meters  per  second, 1 foot  or  l e s s  per  yea r .  

The method used t o  p lace  a l aye r  of s l ime over t h e  e n t i r e  su r face  of a 
t a i l i n g s  a rea  w i l l  depend on the  t e r r a i n  t o  be covered, t h e  g r ind ,  and pulp 
dens i ty .  Temporary d ikes  can be used t o  separa te  the  a rea  i n t o  small pools ,  
o r  long low dikes  p a r a l l e l  t o  the  contours ,  making long narrow pools ,  may be 
used.  Spreading t h e  s l ime through s p r i n k l e r  pipes and c l o s e  c o n t r o l  of 
sp igot ing  from a l l  four  s ides  of a t a i l i n g s  a rea  a r e  a l s o  poss ib l e  methods. 
Whatever method i s  used, t he re  w i l l  be some seepage i n t o  t h e  na tu ra l  s o i l  
i n i t i a l l y ,  but  t h i s  w i l l  be minimal and f o r  a very  shor t  time a s  compared t o  
seepage with no s e a l  a t  a l l .  When us ing  the upstream method, dra ins  should be 
p laced  a t  t h e  upstream t o e  of the  s t a r t e r  d ike  f o r  water c o n t r o l .  

Hydraulic Bar r i e r s  

Where the  t a i l i n g s  dam is cons t ruc ted  on a t h i c k  pervious foundation, and 
p o l l u t i o n  con t ro l  requirements preclude t h e  escape of water from t h e  t a i l i n g s  
pond, seepage lo s ses  may be con t ro l l ed  by developing a hydraul ic  b a r r i e r  down- 
s tream of the t a i l i n g s  dam. 

The hydraul ic  b a r r i e r  ( i l l u s t r a t e d  on f i g .  45) can be produced by a l i n e  
of pumping we l l s  and a l i n e  of i n j e c t i o n  wel l s  downstream of  the  embanbent ,  
t h e  in j ec t ion  we l l s  being located downstream of the  pumping wel l s .  Fresh 
wa te r  i s  supplied t o  t h e  i n j e c t i o n  wel l s ,  while  ground water i s  ext rac ted  from 
t h e  punping w e l l s .  If t h e  piezometric water  l e v e l s  along t h e  l i n e  of t h e  
i n j e c t i o n  wel l s  a r e  maintained a t  e l eva t ions  higher  than  the  piezometric water 
l e v e l s  along the  l i n e  of the pumping w e l l s ,  a hydraul ic  b a r r i e r  w i l l  be formed 



Artesian head in permeable 
foundation stmlum 

Permeable toundotion stratum 

x ~ e l i e f  .well 

FIGURE 45; - Pumping wells for hydraulic barrier ond relief wells; 
that will prevent the flow of seepage from the tailings pond past the line of 
pumping wells. This should be checked in the field by piezometric measure- 
ments. The hydraulic barrier may be usable for up to 100 feet of overburden, 
but would not be feasible where the depth was much greater. This method does 
not eliminate contamination of the ground water in the long run, but only as 
long as the injection and pumping wells are operating. 

INSTRUMENTATION 

All tailings embankments that are to be more than 100 feet high should be 
monitored during construction and operation and for some time after being 
abandoned.   an^ factors can affect the stability, and instrumentation should 
be installed in the embankment and foundation to monitor these changes. 
Instruments may be installed to measure piezometric levels (water), seepage 
flows, embankment movement, and total pressure. 

Piezometers 

A simple and effective piezometer is the Casagrande type (fig. 4 6 ) ,  which 
is a porous hollow stone. It is installed in a hole drilled into the embank- 
ment or foundation with a 112-inch pipe to the surface. The water level is 
measured by an electric probe lowered down the hole. In large-diameter holes 
several piezometers can be installed in one hole separated by bentonite plugs 
and surrounded by filter material. This type of piezometer requires a rela- 
tively large amount of water to register a change in height because the 112- 
inch tube must be filled. The response, especially in low-permeability 
material, is much slower than that of the pneumatic piezometer, which measures 
pressure only. Under certain conditions less sensitive types can be installed 
using perforated steel casing or well points with 1-112- or 2-inch pipe. 
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FIGURE 46. - Porous-tube piezometer installation 
(Casagrande type); 

piezometers on a r egu la r  schedule, and records  kept .  

The pneumatic piezom- 
e t e r  ( f i g .  47) has been 
developed t o  a high degree 
of accuracy and i s  very  
s e n s i t i v e  t o  immediate 
changes i n  pore  water p re s -  
sures ;  t he re  i s  no need f o r  
a c t u a l  flow of water--only 
the  water pressure change. 
These piezometers can be 
placed on the ground s u r -  
rounded by p ro tec t ive  f i l -  
t e r s  p r i o r  t o  cons t ruc t ion  
o r  f i l l i n g  of the  embankment 
wi th  t h e  lead l ines extended 
out  t o  t h e  top of the  
s t a r t e r  dam so they can be 
monitored f o r  the f u l l  l i f e  
of t h e  embankment. Addi- 
t i o n a l  piezometers can be 
placed on t h e  beach o r  i n  
t h e  slime zone as  t h e  
embankment r i s e s  t o  check 
f o r  perched water t a b l e s  or  
excess pore water pressures .  
These should a l s o  be pro- 
t ec t ed  by f i l t e r s  when they 
a r e  i n s t a l l e d .  They can be 
i n s t a l l e d  i n  o l d  embankments 
by d r i l l i n g  holes  t o  the 
depth des i r ed ,  pe r fo ra t ing  
t h e  casing a t  the e l eva t ion  
the  piezometer i s  t o  be 
i n s t a l l e d ,  and surrounding 
i t  wi th  f i l t e r  ma te r i a l  and 
a bentoni te  plug above and 
below. I n  some cases  the  
cas ing  can be pu l l ed  f o r  
salvage a f t e r  the  piezometer 
i s  i n s t a l l e d ,  o r  the  piezom- 
e t e r  can be i n s t a l l e d  
through hollow-s tern augers 
without cas ing .  Readings 
should be made of a l l  

If the dam i s  t o  be b u i l t  of  ma te r i a l  f o r  which no waterflow information 
i s  ava i l ab le ,  the  ph rea t i c  sur face  can be est imated by assuming t y p i c a l  param- 
e t e r s  and using t h e  LaPlace equations f o r  flow-net so lu t ions  o r  by the f i n i t e -  
element method. Computer programs have been w r i t t e n  f o r  the  f in i te -e lement  
method to  p red ic t  t h e  l o c a t i o n  of the  ph rea t i c  su r face  (43). The program used 



FIGURE 47; - Pneumatic pieaometer and readout; 



in this study utilizes the finite-element method to determine pressures and 
flows as governed by Darcy's law. Correct hydrostatic head, geometry, and 
horizontal and vertical permeability according to the inclination and layering 
are the only input data required for predicting the phreatic surface. Using 
these values, the computer will search through the numerous phreatic surface 
lines and adjust pressures at the finite-element nodes so that equipotential 
lines and the phreatic surface can be obtained in a matter of minutes. 

Typical flow lines that can be developed are illustrated in figures 48-50. 
Note the effect of embankment stratification and the corresponding horizontal 
permeability (Kh) and vertical permeability (6) on the location of the flow 
line and on the required width of longitudinal drain (fig. 48), the relation- 
ship between downstream shell permeability relative to foundation permeability 
and the saturation level in the shell (fig. 49), and the effect of zoning and 
stratification on the location of the saturation line (fig. 50). 

FIGURE 48. - Effect of embonkment strotification on required width of longitudinal drains in 
homogeneous dams (0). 



FIGURE 49. - Zoned dam study (E). 



- 
Saturation line for k,= k, 

- 

FIGURE 50. - Flow nets for Kt, - K, (19). 



Movement Indica tors  

One of t h e  s implest  but  most e f f e c t i v e  ways t o  measure t h e  movement of  an 
embankment i s  t o  d r i v e  pipe o r  r eba r  v e r t i c a l l y  i n t o  the  berm of an embankment 
i n  a s t r a i g h t  l i n e  of s i g h t  s o  t h a t  any movement can  be measured by simply 
measuring t h e  o f f s e t  from t h e  l i n e  of s i g h t .  On c ross -va l l ey  dams t h e  perma- 
nent  s t a t i o n s  can be placed on t h e  n a t u r a l  ground o r  rock o f f  the  embanbent 
wi th  the recording s t a t i o n s  s e t  on an abandoned berm where they can be pro- 
t ec t ed  from the  sp igot ing  o r  dike bui ld ing  operat ion.  These should be mea- 
sured f o r  e l eva t ion  changes a l so .  I n  f l a t  country t h e  survey l i n e  must be 
brought up t o  t h e  embankment from t h e  n a t u r a l  ground a t  each end of  the 
downstream s lope ,  and t h e  movement markers placed t h e  same a s  described fo r  
t h e  c ross-va l ley  dams. This i s  important because t h e  l i n e  of  s i t e  must be 
made from po in t s  on top of the  sand berm, and these  po in t s  themselves could 
have considerable movement which then  would not  show the t r u e  movement of  the  
o the r  po in t s .  The permanent po in t s  on t h e  n a t u r a l  ground a t  each end should 
be placed a t  a considerable d i s t ance  from t h e  embankment s o  a s  t o  be unaf- 
fec ted  by the  foundation deformation. 

Another device f o r  mea- 
su r ing  both ho r i zon ta l  and 
v e r t i c a l  movement i s  the  

2 s lope  i n d i c a t o r ,  which is  
lowered i n t o  a cas ing  wi th  
grooves which guide it and 
measures t h e  movement i n  two 
d i r e c t i o n s  a t  r i g h t  angles .  
For t h i s  instrument t h e  
cas ing  must be s e t  i n t o  
bedrock, o r  i f  t h e  alluvium 
is deep, t h e  bottom of the  

I Total hor~zontol movement cas ing  must be s e t  i n t o  the  
from December 26,1972, foundation and t h e  cas ing  
to M0y 24, 1973 i n s t a l l e d  i n  the  embankment 

a s  it r i s e s .  Another way t o  
2 Total hor~zontol movement i n s t a l l  t h e  cas ing  i s  t o  

from October 17, 1972, d r i l l  a hole  and i n s t a l l  the  
to M0y 24,1973 cas ing  a f t e r  an embankment 

i s  cons t ruc ted .  
NOTE movements ore referenced 
from Cosiflg 0t 4,224-foot elevation From t h e  readings of 

the  s lope  ind ica to r  a pro-  
f i l e  of the  ho le  can be 

I 
drawn showing where t h e  
movement i s  tak ing  p lace  

3 4 from top t o  bottom ( f i g .  51) .  

TOTAL MAXIMUM HORIZONTAL 
MOVEMENT, inches 

FIGURE 51. - Slope indicator data, 

Pressure  C e l l s  

Pressure  c e l l s  should 
be placed on the  top of the  



decant  l i n e s  or  o the r  c u l v e r t s  t h a t  w i l l  be under the  embanbent t o  measure 
t h e  p res su re  of the  s o i l  and water aga ins t  the plane sur face .  The re inforced-  
concre te  conduit should be designed f o r  the  combined weight of  ma te r i a l  a t  
maximum he igh t ,  bu t  the pressure c e l l s  placed a t  s t r a t e g i c  spo t s  along t h e  
l i n e  could v e r i f y  t h e  a c t u a l  pressures .  This information can be va luable  i n  
designing f u t u r e  condui t s .  

Records 

A l l  instruments i n s t a l l e d  i n  an embankment should be read  and recorded on 
a r e g u l a r  b a s i s ,  which a t  s t a r t u p  should be q u i t e  f requent ly .  Later ,  a s  p a t -  
t e r n s  a r e  e s t ab l i shed ,  t h e  time between readings can  be a l t e r e d  t o  s u i t  t h e  
s i t u a t i o n .  These records a re  very  important and should be reviewed pe r iod i -  
c a l l y  t o  see  i f  a d d i t i o n a l  records a r e  needed and t o  note  the  t rends .  The 
piezometr ic  l eve l  measurements a r e  probably t h e  most important and have a 
d i r e c t  t i e - i n  wi th  the  seepage o r  flow from t h e  d ra ins .  P r e c i p i t a t i o n  mea- 
surements should be made, and pos i t i ons  of t h e  sp igo t s  o r  cyclones t h a t  a r e  
ope ra t ing  should be noted. Often t h e  length  of time a group of  sp igots  can  be 
l e f t  i n  opera t ion  depends on t h e  r i s e  of the  piezometr ic  l e v e l  i n  t h a t  a r e a .  
A r i s e  i n  t h e  piezometric l e v e l  could a l s o  mean t h a t  t h e  d ra ins  were beginning 
t o  plug up. Records should be kept of  any changes i n  cons t ruc t ion  and waste 
placement procedures, and of  changes i n  gr ind  o r  pulp dens i ty  t o  t h e  pond. 
These da ta  should a l l  be presented i n  g raph ica l  form s o  t h a t  v a r i a t i o n s  and 
t r e n d s  can be r e a d i l y  not iced .  These records should be reviewed cons tan t ly  by 
t h e  person respons ib le  f o r  compiling the  records ,  and p e r i o d i c a l l y  by t h e  
des igner  of the embankment, who should be wel l  q u a l i f i e d  t o  i n t e r p r e t  t h e  
r e s u l t s .  

SLOPE STABILITY 

Since no s lope can  be regarded as  permanently s t a b l e ,  s lope  s t a b i l i t y  i s  
a r e l a t i v e  mat te r .  However, i n  s o i l s  engineering p r a c t i c e ,  t h e  term i s  used 
i n  re ference  t o  t h e  p o s s i b i l i t y  of  a sudden r e l a t i v e l y  deep-seated s l i d e .  

S o i l  and rock ma te r i a l s  f a i l  i n  shear  i f  the  applied shearing s t r e s s e s  on 
any sur face  exceed t h e  shear  s t r e n g t h  of  the ma te r i a l s  along t h a t  su r face .  
The r e s i s t i n g  forces  a r e  the  shear  s t r eng th  of the  ma te r i a l s ,  both f r i c t i o n a l  
and cohesive. The cohesive s t r e n g t h  i s  minimal o r  neg l ig ib l e  i n  most cases .  
Pore  water pressure  a t  t h e  f a i l u r e  su r face  lowers the  r e s i s t a n c e  t o  s l i d i n g  
because i t  reduces the  e f f e c t i v e  s t r e s s .  Ar t e s i an  water from t h e  s u b s t r a t a  
i n t o  the  e m b a n b n t  w i l l  a l s o  reduce t h e  s t a b i l i t y  of the embankment owing t o  
hydraul ic  u p l i f t .  The shear  s t r e n g t h  of the  ma te r i a l s  can  be f u r t h e r  reduced 
by weathering and sof ten ing  by water .  The shear  s t r e n g t h  may be increased by 
compaction o r  by chemical cementing of the waste ma te r i a l s .  

Cracking of the  embanbent caused by d i f f e r e n t i a l  se t t lement  can reduce 
t h e  shearing r e s i s t a n c e  along p o t e n t i a l  f a i l u r e  su r faces .  This cracking may 
l ead  t o  s l i d e  f a i l u r e s  o r  piping.  Dense t i l l s  a r e  usua l ly  s t rong ,  t h e i r  shear 
s t r e n g t h s  can have both f r i c t i o n a l  and cohesive components, and they may be 
r e l a t i v e l y  impermeable and incompressible.  D r i l l i n g  and sampling a r e  neces- 
s a r y  t o  seek out  incons is tenc ies  i n  t h e  ma te r i a l s .  



Sands and gravels are  r e l a t i ve ly  incompressible, and the i r  shear strength 
i s  primarily f r i c t i ona l  with no cohesion. Here again, the density, gradation, 
and pa r t i c l e  shape determine the i r  behavior. Loose, f ine  sand acts  the same 
as  the same gradation material i n  mine t a i l i ngs .  I f  it i s  saturated and below 
the c r i t i c a l  density, it is subject to  l iquefaction under shock load. S i l t s  
develop strength from e i ther  f r i c t i o n  or cohesion, depending on density, grada- 
t ion ,  and moisture content. 

Clay i n  the foundation may cause embankment settlement and in s t ab i l i t y .  
As the embankment r i s e s ,  the clay may consolidate and gain shear strength.  
Uncompacted clays i n  waste p i les  saturate  and swell, reducing the i r  shear 
strength to  almost zero. The f ine r  portions of t a i l i ng  from metal mines ac t  
as  clays.  The en t i re  output of some mines i s  mudstone or c lay and requires 
special ly  designed dams t o  contain i t .  Phosphate slimes are a lso a special  
case because of the fineness of the c lay and the pulp density of the material 
being impounded. 

Safety Factor 

The index of s t a b i l i t y  with respect to  a sudden f a i l u re  i s  known as  the 
factor  of safety  (FS) of the slope. In the most general terms, t h i s  may be 
defined as the r a t i o  of the potent ia l  res i s t ing  forces to  the forces tending 
t o  cause movement. The factor  of sa fe ty  may also be defined as tha t  factor  by 
which the shear strength parameters must be divided (C1/FS and @'/FS) t o  bring 
the potent ia l  s l iding mass into  a s t a t e  of limiting equilibrium. The s t r e s s -  
s t r a i n  character is t ics  of most s o i l s  are  such tha t  r e l a t i ve ly  large p las t ic  
strains'may occur as the applied shearing s t resses  approach the shear strength 
of the material. Thus, a slope which i s  on the verge of f a i l u re  has a factor 
of safety  of 1.0, but i n  the design the FS must be greater  than 1.0 so tha t  
the s t r a in s  w i l l  not exceed tolerable  l imi t s ,  and to allow fo r  differences 
between the pore water pressures and the shear strength parameters assumed i n  
t he  design and those that  actual ly  ex i s t  within the slope. The factor  of 
sa fe ty  of t a i l ings  embankments has not yet  been determined by law but w i l l  
very l ike ly  be se t  a t  1.5 or greater .  Each embankment must be considered on 
i t s  own merit,  based on the following c r i t e r i a :  

1. Location re la t ive  t o  population centers.  

2 .  Total mass (volume and length of l i f e ) .  

3 .  Rainfall i n  the area and drainage in to  the embankment. 

4. Mineralogy. 

5.  Type of te r ra in .  

In other words, a t a i l ings  pond within a c i t y  or  beside a main road or 
ra i l road  should have a s t a t i c  factor of safety  of 1.5,  while one i n  a remote 
area many miles from c iv i l i za t ion  would be considered very safe  with 1.3. The 
dynamic factor  of safety  is generally less ,  as indicated by a modified Bishop 



method using a 0 of 20- and C of zero with pseudostatic gravity forces of 0.1 
and 0.2 gravity (z). 

The following shows the effect  of seismic loading and a high phreatic 
surface.  

S t a t i c  1.67 FS 
A t  0.1 gravity 1.23 FS 
A t  0.2 gravity 0.95 FS (fa i lure)  

The reason for  the 1.5 factor  of safety  i s  tha t ,  by i t s  very nature, sampling 
of a t a i l ings  pond and tes t ing  these samples i n  the laboratory i s  somewhat 
d i f f i c u l t .  Other considerations are  that  the embankment i s  being b u i l t  higher 
each year, and the geometry and pore water pressures change with the seasons 
and elevation. The analysis must be made with reference t o  the worst condi- 

A e n t e r  of rotation 

FIGURE 52. - Plan of rotational slide. 

t ions which may ex i s t  or  may 
develop. I f  the physical proper- 
t i e s  t es t ing  is not of the weakest 
material within the embankment or 
foundation, the FS of the analysis 
w i l l  not be the lowest and there- 
fore w i l l  not be a t rue assessment 
of the s t a b i l i t y .  

Rotational Slides 

A somewhat idealized concept 
of a ro ta t iona l  s l i d e  i s  shown i n  
figure 52. The crosshatched areas 
of the figure represent a cross 
section of the s l iding mass. The 
surface on which s l iding occurs is 
curved and may of ten  be approxi- 
mated i n  cross section by a c i rcu-  
l a r  a rc .  The s l iding tendency is 
created by the moment of the mass 
about the center of the arc .  This 
moment i s  opposed by shearing 
resistance developed along the 
s l id ing  surface. When a l l  ava i l -  
able resistance i s  overcome, f a i l -  
ure occurs as  shown i n  the bottom 
panel of f igure 52. 'Pwo pictures 
of a typical  rota t ional  s l i d e  are 
shown i n  figure 53. 

These findings were reported 
by the Swedish Geotechnical Conmnis- 
sion a f t e r  an investigation of a 
number of s l ides  along the Swedish 
railways. As a r e s u l t ,  the 



FIGURE 53* - Rotational slide, 



c i r c u l a r  a r c  f a i l u r e  i s  known a s  the  Swedish c i r c l e  method of a n a l y s i s .  Hand 
c a l c u l a t i o n s  f o r  the f a c t o r  of s a f e t y  of a  given embankment by t h e  "method of  
s l i c e s , "  u t i l i z i n g  t r i a l  and e r r o r ,  i s  a  long and . t ed ious  process and with the  
advent of the  computer has p r a c t i c a l l y  been e l iminated .  Many good programs 
have been developed fo r  the  computer t o  c a l c u l a t e  and s e l e c t  the  f a i l u r e  
c i r c l e .  

Computer Analysis 

Numerous programs have been w r i t t e n  u t i l i z i n g  the Fe l l en ius  method, the  
o r i g i n a l  method of s l i c e s ,  and t h e  Bishop method. The Fe l l en ius  method devel-  
ops a  conservat ive es t imate  s ince  i t  completely neglec ts  the s i d e  forces  on 
t h e  indiv idual  element s l i c e s .  The Bishop method is t h e  more accura t e .  A 
s tudy of a l l  of these  programs has r e s u l t e d  i n  our s e l e c t i o n  of the modified 
Bishop program, o r i g i n a l l y  w r i t t e n  a t  the  Massachusetts I n s t i t u t e  of Technol- 
ogy and s l i g h t l y  modified by the  Bureau of  Reclamation t o  include both the 
Bishop and Fe l l en ius  f a c t o r s  of s a f e t y  (14).  The Bureau agrees wi th  
R .  V .  Whitman and W. A .  Bailey t h a t  t h i s T s  t h e  b e s t  program ava i l ab le  today 
(52). 

The f a c t o r  of s a f e t y  i s  defined a s  the  moments about the  cen te r  0 f o r  the  
c i r c u l a r  f a i l u r e  a rc  ABCD, a s  shown i n  f igu re  54, and i s  described by t h e  
equat ion 

where FS = s a f e t y  f a c t o r ,  

- 
C = cohesion f o r  s o i l ,  lb / sq  f t ,  

b  = width of s l i c e ,  

6 = element angle,  

= e f f e c t i v e  normal fo rce ,  

@ = f r i c t i o n  angle,  

and W = cohesion f o r  s o i l ,  l b / sq  f t .  

The denominator of  the equat ion fo r  FS i s  a n  expression f o r  the  moment of 
t h e  weight of t h e  s o i l  i n  t h e  f a i l u r e  mass. (The r ad ius  r cancels  s ince  it 
occurs  i n  both the  numerator and t h e  denominator.) The numerator i s  the  
moment of t h e  shear s t r e s s  about 0 along t h e  f a i l u r e  su r face .  



FIGURE 54. - Circular failure arc. 

- 
N i s  determined f o r  t h e  s impl i f ied  Bishop method by t h e  sum of fo rces  i n  

a v e r t i c a l  d i r e c t i o n ,  according t o  the  equat ion 
- 
C 

- W - b sec  u (u cos 6 + 5 Sin 6) 
N = t a n  6 s i n  6 

cos 6 + FS 

where ,, = pore pressure ,  l b / sq  f t .  

sec  bw 
z[Cb + (W-ub)tan $1 t a n  6 t a n  6 

+ FS 
Therefore,  FS = W s i n  6 

Since FS appears on both s i d e s  of t h e  equat ion,  it must be solved by suc- 
ces s ive  a p p r o x h a t i o n s .  This i s  the  equat ion f o r  which t h e  complete program 
was wr i t t en .  



The computer w i l l  sys temat ioa l ly  search through the  numerous f a i l u r e  
c i r c l e s  a s  out l ined  i n  t h e  guide l ines  of the  program. It w i l l  s e l e c t  a  c i r c l e  
wi th  minimum FS ( the  plane along which f a i l u r e  w i l l  normally occur) while  a l s o  
computing t h e  indiv idual  c i r c l e s  so t h a t  the e f f e c t s  of the geometry, e t c . ,  
can  be s tudied  i n  each case.  A t  the  end of t h e  program the  computer w i l l  list 
the  FS of a l l  the  c i r c l e s  se l ec t ed  f o r  t h a t  p a r t i c u l a r  embankment and 
cond i t ions .  

The s implest  way t o  i l l u s t r a t e  the  mechanics of  the  computer program i s  
t o  present  an example. F igure  55 shows the  s o i l  p rope r t i e s  and loca t ion  of 
minimum f a i l u r e  c i r c l e s  f o r  two d i f f e r e n t  condi t ions  t h a t  were analyzed. 
Case 1 assumes a  high ph rea t i c  l i n e ,  and case 2 assumes the  water t a b l e  a t  
ground l e v e l .  Although the geometry and s o i l  s t r u c t u r e s  a r e  i d e n t i c a l  f o r  
both  ana lyses ,  'the d i f f e rence  i n  the  loca t ion  of t h e  ph rea t i c  l i n e  does a l t e r  
some of the s o i l  p rope r t i e s ,  a s  shown i n  f igu re  5 5 .  By comparing t h e  computed 
minimum s a f e t y  f a c t o r s  (0.997 versus  2 . 2 8 7 ) ,  one can see t h a t  the  loca t ion  of 
t h e  ph rea t i c  l i n e  i s  very c r i t i c a l  f o r  determining s t a b i l i t y .  A f a c t o r  of 
s a f e t y  of l e s s  than 1 i s  a  f a i l u r e  s i t u a t i o n ,  above 1 i s  a  s t a b l e  s i t u a t i o n ,  
and 1.5 i s  considered a  s a f e  design va lue ,  p a r t i c u l a r l y  i f  t h e  s o i l s  a r e  some- 
what coarse  and not l i k e l y  t o  be subjec ted  t o  seismic a c t i v i t y .  

Complete computer l i s t i n g s  of input  and output  fo r  cases  1 and 2 have 
been included as  appendix D f o r  those who would l i k e  t o  s tudy t h e  computer 
d a t a  searching and analyzing procedures i n  more d e t a i l .  Not a l l  of the  f a i l -  
u r e  c i r c l e s  t r i e d  a r e  l i s t e d ,  but  t h e  f a c t o r  of s a f e t y  i s  computed f o r  both  
t h e  Fe l l en ius  and Bishop methods f o r  those  l i s t e d .  

Should the embankment condit ions ind ica t e  o the r  than a  c i r c u l a r  a r c  f a i l -  
u r e ,  a  second computer program us ing  t h e  Morgenstern and P r i c e  procedure can 
be used (37) .  With t h i s  program any des i red  geometric f a i l u r e  plane can  be 
d e s c r i b e d a n d  t h e  f a c t o r  of s a f e t y  a t t a i n e d  i n  a  few minutes of computer time. 
Unlike t h e  Bishop program, i t  does not  search  f o r  the  minimum s a f e t y  f a c t o r  
b u t  produces only t h e  inpu t  f a i l u r e  plane.  Since t h e  development of computers, 
t h e  most d i f f i c u l t  p a r t  of  t h e  s lope  s t a b i l i t y  a n a l y s i s  i s  providing c o r r e c t  
i n p u t  da ta .  This po in t  cannot be overs t ressed .  

Computer Input 

In  most cases i t  i s  extremely d i f f i c u l t ,  i f  not  impossible,  t o  ob ta in  
s o i l  samples t h a t  a r e  t r u l y  r ep resen ta t ive  of  the  zone being s tud ied .  Conse- 
quent ly ,  t h e  s o i l  p rope r t i e s  developed from these  samples must be in t e rp re t ed  
and applied with g rea t  ca re .  Assuming t h a t  input  va lues  developed a r e  r ep re -  
s e n t a t i v e  of the  a c t u a l  case  being s tud ied ,  t h e  computer f a c t o r s  of  s a f e t y  a r e  
gene ra l  guide l ines  and a r e  meaningful only  i f  used i n  conjunct ion wi th  a l l  of 
t h e  o ther  design cons idera t ions .  

The engineer must a n t i c i p a t e  and des ign  f o r  t h e  worst poss ib le  s i t u a t i o n ;  
t h a t  i s ,  u l t imate  he ight ,  maximum phrea t i c  l i n e ,  s a tu ra t ed  s o i l s ,  and seismic 
a c t i v i t y .  The s a f e t y  f a c t o r  w i l l  only be meaningful i f  such values a r e  used 
f o r  the  computer program. 
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FIGURE 55. - Sample of computer analysis. 



Grain-size dis t r ibut ion,  the area of the ta i l ings  pond, and the r a t e  of 
discharge have much to do with the s t a b i l i t y  of the embankment. A f iner  grind 
i n  the m i l l  with the coarse fraction-being taken out for use as underground 
f i l l  w i l l  make dike building more d i f f i c u l t .  Combine these factors with the 
small impoundment area compared with the tons of waste per day, and the s i t u -  
a t i on  becomes worse. The ta i l ings  used underground a t  some properties do 
reduce the t o t a l  that  must be impounded on the surface by 40 percent or more, 
but they also remove the coarse sand (the bes tma te r i a l  for  building the dike) 
and the coarse sand beach, which provides added safety.  

An example of rapid building i s  a  s i tua t ion  i n  which a  500-ton-per-day 
operation i s  impounded i n  a  5-acre s i t e  with a  pond r i s e  of 1 foot i n  33 days. 
Even a  10-acre s i t e  with a  1-foot r i s e  i n  66 days i s  much too f a s t .  Such 
s i tua t ions  could cause a  rapid increase of pore pressure because the water 
does not have time t o  percolate through the f ine material. Even with the best 
of conditions, a  rapid building r a t e  i s  not good, and every e f fo r t  should be 
made t o  keep the annual r i s e  compatible with the seepage a b i l i t y  of the s o i l  
or  drains. 

Piezometers ins ta l led i n  proper places i n  the embankment w i l l  allow moni- 
tor ing of the pore-water pressure i n  the dam, which can be related d i rec t ly  t o  
the  safety factor as shown i n  figure 56, a  typical  graph showing the variance 
of safety  factor with phreatic water height i n  the dam. This type of char t  
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FiGURE 56. - Factor of safety from phreatic water height in dam. 



can  be developed f o r  any dam and used by t h e  opera tors  t o  p r e d i c t  t h e  s a f e t y  
of the  embanlawnts. The ph rea t i c  sur face  i s  r e l a t e d  t o  t h e  r a t e  t h a t  ma te r i a l  
i s  placed around the  periphery of the d ike .  

Safe ty  f a c t o r s  cannot be accepted a t  face  value i f  t h e r e  i s  the  p o s s i b i l -  
i t y  of l i que fac t ion  from e i t h e r  earthquake, sonic  b l a s t s ,  o r  sudden load.  
S o i l s  i n  t h e  80- t o  280-mesh s i z e s ,  s a tu ra t ed  and above t h e  c r i t i c a l  void 
r a t i o ,  a r e  ve ry  s e n s i t i v e  t o  l i que fac t ion .  S o i l s  f i n e r  than  t h a t  would be too 
s luggish  i n  t h e i r  r e a c t i o n  t o  shock because of lower permeabi l i ty ,  and those 
coa r se r  would d i s s i p a t e  t h e  water  f a s t  enough t o  make f a i l u r e  from shock 
un l ike ly .  

A l l  s o i l  t e s t i n g  r equ i re s  s t r i n g e n t  t e s t i n g  condi t ions  and experienced 
personnel .  Since Coulomb's theory  and s t a b i l i t y  equat ions a r e  approximations, 
t hese  samples have t o  be s tudied  thoroughly by experienced s o i l s  engineers  t o  
in su re  t h a t  t r u e  values a r e  obtained f o r  any s t a b i l i t y  ana lys i s  (2). Once 
t h e s e  va lues  have been i n t e r p r e t e d ,  it i s  simple t o  p red ic t  the  s t a b i l i t y  
us ing  the  computer. Ultimate he igh t ,  s lope ,  and water movement can be d e t e r -  
mined by s o i l  engineering analyses.  Before any major cons t ruc t ion  of t h i s  
typ%, these  analyses should be made e i t h e r  by t h e  opera t ing  f i rm or  by a 
consul t ing  agency. The c o s t  i s  only a few percent  of the t o t a l  investment.  

MAINTENANCE AND INSPECTION 

The a c t i v e  l i f e  of mine t a i l i n g s  embankments may be from a few years  t o  
a s  much a s  100 years ;  during t h i s  time many changes can take  p lace  t h a t  a f f e c t  
t h e  s t a b i l i t y  of the  embankment. This type of cons t ruc t ion  i s  r a d i c a l l y  d i f -  
f e r e n t  from a water-type dam where the cons t ruc t ion  i s  done i n  a r e l a t i v e l y  
s h o r t  time under c l o s e  qua l i ty -con t ro l  of ma te r i a l  and methods. 

The phys ica l  p rope r t i e s  of t h e  t a i l i n g s  used i n  pond cons t ruc t ion  may 
change over the  years f o r  many reasons .  Such changes can a l t e r  the  s t a b i l i t y  
o f  an embankment, r e s u l t i n g  i n  v a r i a t i o n s  i n  the  f a c t o r  of s a f e t y .  One of t h e  
most comon changes i s  t h e  increase  i n  tonnage t o  the  m i l l  without  a compen- 
s a t i n g  change i n  t a i l i n g s  a rea ;  t h i s  w i l l  mean an increase  i n  t h e  annual r i s e  
o f  the dam, reducing the  f a c t o r  of s a f e t y .  A change i n  gr ind  with an increase  
i n  the minus 200-mesh ma te r i a l  can  cause a higher  ph rea t i c  l i n e ,  a poss ib l e  
decrease i n  the  e f f i c i e n c y  of t h e  d r a i n s ,  and increased seepage through t h e  
s t a r t e r  dam. Any one o r  combination of these changes can mean a decrease i n  
t h e  f ac to r  of s a f e t y  of t h e  embankment. It i s  the re fo re  important t h a t  a con- 
t inuous  program of inspec t ion  and maintenance of t h e  embankment be s t a r t e d  a t  
t h e  beginning and maintained throughout t h e  l i f e  and even a f t e r  the  abandon- 
ment of t h e  embankment. The records of t h e  instrumentat ion a s  described p re -  
v i o u s l y  a r e  one of t h e  most important a i d s  i n  determining the  s a f e t y  of t h e  
t a i l i n g s  dam, and i n  a high dam a r e  an absolu te  necess i ty .  High embankments 
should be thoroughly inspected by a competent engineer a t  l e a s t  twice a year  
dur ing  the  a c t i v e  l i f e  of the  pond. A review of t h e  records  of the instrumen- 
t a t i o n  i n  the  embankment should be included i n  t h i s  inspec t ion .  

Daily inspec t ion  should be made of t h e  sp igo t s  o r  cyclones,  the  decant 
l i n e s ,  and p o s i t i o n  of the  water pool i n  r e l a t i o n  t o  t h e  decant  or  the  



t a i l i n g s  a rea  boundary. The d r a i n  l i n e s  should be checked f o r  q u a n t i t y  of  
water  and sediment. 

The ob jec t ives  of the q u a r t e r l y  o r  semiannual inspec t ion  and maintenance 
program should be t o  determine-- 

1. Whether t h e r e  a r e  any major changes i n  t h e  foundation or  t h e  embank- 
ment t h a t  were not a n t i c i p a t e d  i n  the  des ign  such a s  heaving of the  founda- 
t i o n  a t  the  t o e ,  l ong i tud ina l  o r  t r ansve r se  c racks  i n  the  c r e s t ,  o r  excessive 
seepage. 

2 .  Whether the  ma te r i a l  c h a r a c t e r i s t i c s  have changed; and i f  s o ,  how 
w i l l  t hese  changes a f f e c t  the  s t a b i l i t y ?  

3. Whether t h e  d i s t r i b u t i o n  of t h e  ma te r i a l  i n t o  t h e  pond i s  a s  t h e  
des ign  c a l l e d  f o r ;  and i f  not ,  how w i l l  it a f f e c t  s t a b i l i t y ?  

4 .  Whether the  s l ime and water pond i s  where it should be i n  r e l a t i o n  t o  
t h e  dike area  (gradual ly moving upstream i n  the  c ross -va l l ey  ponds and wi th in  
c l o s e  bounds around the  decant towers i n  t h e  f l a t - coun t ry  ponds). I 

5 .  Whether t h e  dam cons t ruc t ion  is rapid  enough t o  keep the s l imes and 
water  we l l  back from t h e  dam. 

6. Whether the  decant towers o r  barge pumps can handle t h e  storm runoff  
i n  a d d i t i o n  t o  t h e  reclaim water .  

7 .  Whether the  d ra ins  a r e  ope ra t ing ,  f r e e  of sediment, and flowing a t  a 
r e g u l a r  r a t e .  

8. Whether the re  i s  seepage on t h e  downstream face  of the  s t a r t e r  dam 
ind ica t ed  by weeds growing along the  f a c e ,  o r  worse y e t ,  seepage on t h e  down- 
s tream face  of t h e  sand dam above the  s t a r t e r  dam. 

9 .  Whether t h e  decant l i n e s  a r e  i n t a c t  and f r e e  of  cracks t h a t  could 
a l low sand t o  pipe i n t o  the  l i n e s  and cause a t o t a l  f a i l u r e .  These can  be 
v i s u a l l y  inspected where t h e  decant l i n e s  a r e  l a r g e  enough. 

10. I f  the ph rea t i c  su r face  is a s  planned; or  is t h e r e  excess pore water 
pressure  from wi th in  t h e  foundation o r  perched water t a b l e s ?  

11. Whether the re  have been v a r i a t i o n s  i n  t h e  water l e v e l s  o r  a sudden 
r i s e  i n  t h e  water l e v e l ,  t h e  appearance of  any new sp r ings ,  o r  new seepage on 
t h e  face of the embankments, foundat ion,  o r  abutments. Conditions a t  t h e  seep- 
age  e x i t  p o i n t s ,  decant and d r a i n  pipe o u t l e t s  should be reviewed: i s  the  
water c l e a r  or  does it con ta in  sediments; i s  t h e r e  sloughing i n  the  a rea ;  i s  
water  coming along t h e  outs ide  of  these  p ipes ;  a r e  the re  s inkholes  i n  t h e  
beach or s l ime zone which would i n d i c a t e  p ip ing  which should be  seen i n  t h e  
d r a i n  or  decant water? 



12. Whether there has been an increase i n  embankment movement as ind i -  
cated by the  surface control  points or slope indicator.  

13. Any evidence of borrow from the toe or any other area of the embank- 
ments that  might a f f ec t  s t a b i l i t y .  

14. Whether the embanbent geometry i s  no steeper than planned. 

15. Whether diversion channels and pipes have withstood spring runoff or 
storms. Are they adequate and i n  good repa i r?  

A l l  of these points must be watched closely t o  check s t a b i l i t y ,  but i f  a 
t a i l ings  dam has been designed for  a t o t a l  height of 500 f ee t  and a l l  seems t o  
be going well a t  a height of 200 f e e t ,  a  thorough investigation should be made 
by d r i l l i ng  holes i n to  the f i l l  material.  Undisturbed samples can be checked 
for  inplace density, screen analysis,  0 angle, and cohesion. With t h i s  infor-  
mation and the phreatic surface and geometry of the embankment, a s t a t i c  and 
dynamic s t a b i l i t y  analysis can be run t o  get  the FS a t  tha t  time. From t h i s  
information the FS can be projected for  an embankment 500 f ee t  high t o  deter-  
mine i f  the slope can be steeper or must be f l a t t e r ,  or i f  the  construction 
must be stopped short  of the design height.  

If an older mine has had successful t a i l i ngs  disposal for a number of 
years using a ce r t a in  procedure for  a given nominal height and i s  making plans 
f o r  a new dam, tes t ing  should be done as outlined above on the old t a i l i ngs  
area prior t o  making plans for the  new ones. In t h i s  way i f  anything has t o  
be done d i f fe ren t ly ,  it could be s ta r ted  a t  the design stage. Some of the 
things tha t  might have t o  be changed are improved drains or  drain  protection,  
f l a t t e r  overal l  slope on the  downstream face,  compaction on the  dike, and com- 
paction of the beach for a distance of 500 to  700 f ee t  t o  increase the density 
and shear strength.  

These items would have t o  be s ta r ted  a t  the  beginning of construction t o  
be effect ive .  Compaction of the beach might be something new tha t  would be 
desirable i f  a high dam was t o  be b u i l t .  

Seepage Control i n  an Operatinpr Pond 

I f  a t a i l i ngs  pond has been designed, constructed, and operated i n  the  
best  manner known a t  the time, and s t i l l  has seepage t ha t  i s  not controlled or 
i s  excessive, there are remedial measures tha t  can be employed. 

Seepage through a t a i l i ngs  dam i s  t o  be expected, but the design should 
be such tha t  it i s  controlled.  The phreatic surface or l i ne  of sa turat ion i s  
the surface a t  which the pressure i n  the seepage water i s  atmospheric, and it 
is analogous t o  a ground water table .  This l ine  i s  a l so  the upper boundary 
flow l ine  of a flaw ne t ,  and it i s  very important t o  keep t h i s  l ine  of satura- 
t i o n  well below the downstream surface of the dam. I f  t h i s  l i ne  is too high, 
the  seepage water w i l l  break out on the slope. I f  the veloci ty  of the water 
below the breakout point i s  great  enough, erosion and sloughing of the s o i l  
may s t a r t ,  leading to  piping and eventual f a i l u r e  of the dam. 



Seepage, a s  such, i s  not  harmful unless  t h e  amount i s  excessive o r  the  
water  is of such poor q u a l i t y  t h a t  i t  degrades t h e  drainage o r  ground water .  
Drains can  be designed and b u i l t  t o  ca t ch  the  seepage water and r e t u r n  i t  t o  
t h e  pond or  t o  the  m i l l .  

I f  t h e  downstream face  of a t a i l i n g s  dam has excessive seepage, it i s  
caused by one or  more of the  following: 

1. Improper design 

2 .  Improper or  poor cons t ruc t ion  and supervision.  

3. F a i l u r e  o f ,  o r  i n s u f f i c i e n t ,  d ra ins .  

4 .  Too rapid  annual r i s e .  

5 .  Spigot ing too long i n  one a r e a .  

This can be cor rec ted  by reducing t h e  downstream slope ( f i g .  57) o r  by 
p l ac ing  a surcharge ( f i g .  58) of ma te r i a l  on top  of t h e  a f f ec t ed  a rea .  Coarse 
mine waste used as  a surcharge would need a p ro tec t ive  f i l t e r  blanket  between 
t h e  dam and the  coarse rock t o  prevent piping.  A c l a y  o r  c l a y - a l l w i u m  s u r -  
charge would a l s o  need a drainage blanket  on t h e  f ace  of the  dam t o  prevent  a 
buildup of pore water pressure  which would r a i s e  the  ph rea t i c  l i n e ,  f u r t h e r  
compounding the  problem. Cycloned sand could be placed d i r e c t l y  over t h e  
a f f ec t ed  a r e a ,  provided its permeabil i ty  i s  g r e a t e r  than t h a t  of the  dam mate- 
r i a l .  Any a c t i o n  taken must lower t h e  ph rea t i c  l i n e  and increase  the  f a c t o r  
of s a fe ty .  

Decreasing the  pond area  may reduce seepage i f  the  seepage has spread 
over t h e  f u l l  
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Broken o r  crushed decant l i n e s  a r e  a l s o  nea r ly  impossible t o  r e p a i r  unless  
they a r e  l a rge  enough f o r  men t o  en te r  and work i n  them. There is  no s u b s t i -  
t u t e  f o r  proper des ign  and cons t ruc t ion  wi th  a good f a c t o r  of s a f e t y  t o  insure  
t h a t  t h e r e  w i l l  be no rupture  due t o  d i f f e r e n t i a l  se t t lement  on poor founda- 
t i o n s .  Drains and decant l i n e s  should be monitored f o r  sand d ischarge ,  which 
would i n d i c a t e  seepage from t h e  t a i l i n g s  a r e a .  Sinkholes i n  the top of the  
pond a rea  a r e  an i n d i c a t i o n  of piping.  

Surface Drainage Control  

Erosion on the  downstream face  of t a i l i n g s  p i l e s  can be con t ro l l ed  by 
grading the  berms t o  s lope  upstream with drop p ipes  leading  down t o  t h e  na tu-  
r a l  s o i l  a t  the  downstream t o e  every few hundred yards along t h e  periphery of 
the  embanlanent. This l i m i t s  t h e  amount of runoff down the  s lope  t o  only t h a t  
amount which f a l l s  on t h e  s lope  and does not  accumulate and cause excessive 
eros ion  on the  lower s lope ( f i g .  59) .  These berms must be kept graded, and 
drop pipes and screens must be inspected and kept c l ean  and f r e e  of weeds and 
o the r  d e b r i s ,  e s p e c i a l l y  a f t e r  heavy r a i n s .  I f  the  su r face  e ros ion  can  be 
con t ro l l ed  and the  s o i l  i s  not  t oo  a c i d i c ,  g r a s s  o r  o the r  n a t u r a l  vege ta t ion  
can  be grown on t h e  s lopes .  This  would r e q u i r e  e x t r a  c a r e ,  f e r t i l i z e r ,  and 
water .  Coarse rock o r  gravel  can  a l s o  be used t o  s t a b i l i z e  t h e  s lopes  and 
h e l p  prevent excessive e ros ion .  

Wave a c t i o n  can be a problem where t h e  water  i s  allowed t o  come i n  d i r e c t  
con tac t  wi th  a water-type dam or  wi th  a borrow d ike .  Even a small beach 
formed by sp igot  o r  cyclone discharge prevents  damage by allowing t h e  energy 
of  the  waves t o  be d i s s ipa ted  i n t o  shallow water  on the beach. 

Unnecessary su r face  drainage i n t o  a t a i l i n g s  a rea  should be el iminated by 
d ive r s ion  d i t c h e s  o r  c u l v e r t s ,  e s p e c i a l l y  i f  t h e  drainage a rea  i s  l a r g e .  The 
c o n t r o l  of t h e  maximum p o t e n t i a l  drainage should be included i n  t h e  design of 
decants  o r  s torage  volume. These d ive r s ion  d i t ches  and c u l v e r t s  should be 
ve ry  c a r e f u l l y  designed, cons t ruc ted ,  and maintained so t h a t  they a r e  i n  good 
working order  when needed. 

When t a i l i n g s  
embankments a r e  
completed and 
abandoned, i t  may 
be necessary t o  
maintain t h e  
decant system, or  
a permanent s p i l l -  
way may be con- 
s t ruc t ed  t o  
prevent  t h e  accu- 

FIGURE 59. - Berm and slope drainage. l a t i o n  of r a i n  
water o r  su r face  



runoff. Each property will have different criteria governing what is needed. 
A tailings dam should never be breached as a means of disposing of water from 
the area, as erosion would eventually put all the material into the drainage. 

Remedial Measures 

Some remedial measures required to maintain or improve the stability of 
an embanbent may be minor in nature, while others could be a major undertak- 
ing. For some errors in design there is no remedy especially after the tail- 
ings pond is 40 to 50 feet high. Some methods of improving stability and 
reducing erosion follow: 

I. By removing material from the crest of the slope and placing it on 
the toe, the driving force tending to produce a slide is reduced and the 
resisting force is increased, which increases the factor of safety. When 
material is placed on the toe, it must be more permeable than the material on 
the toe so that it does not impede drainage. A drain may be necessary if the 
material has a lower permeability than that on the toe (fig. 57). 

2. Reducing the downstream slope can be done in another way by surcharg- 
in the toe area with waste rock or borrow material. Once more, care must be 
taken to insure proper drainage. If the area to be surcharged has seepage 
coming out the face or even a remote possibility that seepage might start with 
increased height, a filter blanket must be placed on the face and foundation 
base before the surcharge material is placed. This blanket is necessary 
especially where the material is to be relatively less pervious, but it is 
also needed where a coarse rock surcharge is to be used, to prevent piping 
into the coarse rock. This remedial work increases the resisting forces 
against failure and reduces the overall slope on the downstream face (fig. 58). 

3 .  Berms are used in the design and construction of a tailings embank- 
ment to attain a given overall slope on the downstream face. The geometry of 
the embankment is important in the overall stability and should be determined 
during the design stage so as to contribute to the factor of safety. Berms 
are the common practice and serve other purposes as well. They serve as an 
access roadway and a place to lay the tailings pipe on the dam. They step 
back upstream about 30 feet for each 30-foot rise in elevation. As the 
embankment rises, the berm width can be increased if necessary for stability. 
The overall slope of the face of the embankment is determined by the shear 
strength, which varies with the size, shape, and mineralogy of the particles, 
as well as density and pore water pressure. Other remedial methods are height 
reduction and inverted filters (fig. 60). 
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FIGURE 60; - Remedial methods. 

SUMMARY 

Tai l ings  ponds can  no longer be allowed t o  " jus t  grow." Because of t h e  
tremendously l a rge  d a i l y  tonnage, high land c o s t s ,  and t h e  l imi t ed  a v a i l a b i l -  
i t y  of d i sposa l  s i t e s ,  a proper ly  designed embanbent i s  necessary t o  keep t h e  
c o s t s  a s  low a s  poss ib l e  and s t i l l  be s a f e .  

Unless t h e  company engineers  have acquired cons iderable  e x p e r t i s e  i n  t h e  
des ign  of t a i l i n g s  embankments, t h e  s e r v i c e s  of a competent and experienced 
consu l t an t  should be used. 'Ihese s e r v i c e s  should be obtained f o r  t h e  design,  
pe r iod ic  inspec t ions  (semiannual o r  annual ) ,  and s t a b i l i t y  analyses.  Good 
cons t ruc t ion  and d a i l y  opera t ion  procedures have been developed f o r  many mines 
and need not  be changed unless  they a r e  t h e  cause of  uns table  condi t ions  or  
a r e  i n e f f i c i e n t .  

Ta i l ings  d i sposa l  methods, t h e  c h a r a c t e r i s t i c s  of t h e  waste ,  t h e  topog- 
raphy of the  s to rage  a rea ,  and the  c l i m a t i c  condi t ions  a r e  s o  v a r i a b l e  t h a t  i t  
i s  impossible t o  make a des ign  guide t o  cover a l l  s i t u a t i o n s .  Each t a i l i n g s  
embankment should be designed t o  s u i t  the  condi t ions  a s  they e x i s t .  The u t i -  
l i z a t i o n  of methods and suggest ions included i n  t h i s  r e p o r t  should a i d  i n  
decisionmaking. 



The importance of s u f f i c i e n t  a rea  f o r  t h e  d a i l y  tonnage, adequate d ra in -  
age t o  keep t h e  ph rea t i c  l i n e  low, good opera t ing  procedures,  and instrumenta-  
t i o n  t o  monitor t h e  pore water pressure  and t h e  embankment movement cannot be 
overemphasized. The s t a r t u p  of a  large-tonnage opera t ion  i s  e s p e c i a l l y  vu l -  
nerable  t o  problems r e l a t e d  t o  s u f f i c i e n t  t a i l i n g s  s to rage .  

No at tempt has been made t o  dea l  s p e c i f i c a l l y  wi th  Federa l ,  S t a t e  and 
l o c a l  permi ts ,  r egu la t ions ,  and r e s t r i c t i o n s  i n  t h e  cons t ruc t ion  and opera t ion  
of t a i l i n g s  ponds wi th  regard t o  a i r  and water po l lu t ions .  Reducing seepage 
i n t o  ground water and r ecyc l ing  a l l  t a i l i n g s  water have been emphasized. Dust 
abatement can  be accomplished by proper opera t ing  procedures o r  by spraying 
t h e  su r face  wi th  a n  adhesive.  

It is t h e  au thor s '  hope t h a t  t h i s  pub l i ca t ion  w i l l  a id  those respons ib le  
f o r  t h e  proper design, cons t ruc t ion ,  and opera t ion  of t a i l i n g s  embankments. 
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APPENDM A .  --TAILINGS POND EVAPORATION 

To a r r i v e  a t  a  water balance f o r  t h e  t a i l i n g s  pond, t h e  evaporat ion r a t e  
must be known fo r  the  p a r t i c u l a r  a r e a .  This can be r e l i a b l y  estimated by 
us ing  d a t a  on s o l a r  r a d i a t i o n ,  a i r  temperature, dew po in t ,  and wind movement. 
This information can a l s o  be obtained from d a i l y  measurements of evaporat ion 
from Class  A pans. The lake evaporat ion r a t e  ranges from 0.6 t o  0 . 8  of the 
pan r a t e ;  an average f i g u r e  of 0.7 i s  gene ra l ly  used. This procedure i s  
described i n  d e t a i l  by Harbeck, Kohler, and Kobug (25)' and w i l l  not  be 
d e t a i l e d  here .  For most c a l c u l a t i o n s  the  pan c o e f f z i e n t  and pan and lake 
evaporat ion can be taken d i r e c t l y  o f f  f igu res  A - 1  through A - 3 .  In  d e s e r t  
a r eas  lake evaporat ion can be a s  high a s  86 inches per year ,  which i s  more 
than  4 ga l lons  per minute per ac re .  The wet a reas  of  a  pond not  covered by 
water  may lose  as  much a s  h a l f  t h i s  f i g u r e .  This l o s s  is d i f f i c u l t  t o  measure 
bu t  may be q u i t e  small  a s  compared t o  t h e  t o t a l  evaporat ion l o s s ,  depending on 
t h e  a r e a  and t h e  f ineness  of t h e  g r i n d .  

=Underlined numbers i n  parentheses r e f e r  t o  items i n  t h e  bibl iography.  





FIGURE A-2. - Mean annual class A pan coefficient, in percent (3). 



FIGURE A-3; - Mean annual lake evaporation, in inches (25). - 



APPENDIX B . --ESTIMATING RUNOFF 

Annual and Seasonal Runoff Volumes 

'Ihe appropriate design storm for  ta i l ings  ponddesign is par t icular ly  
d i f f i c u l t  t o  determine because of many d i f fe ren t  disposal f a c i l i t y  configura- 
t ions,  s i ze s ,  locations, and operational periods. The hydrologic studies may 
be complex, and consultation with an engineer or  hydrologist experienced i n  
t h i s  work i s  recommended. 

Predicting seasonal o r  annual runoff volumes i s  feasible  where the snow 
accumulates during the winter and melts i n  the spring. Spring runoff is quite 
var iable  from year to  year but follows a pattern where long-term precipi ta t ion 
records are  available. The 100-year flood i s  very d i f f i c u l t  t o  predict;  how- 
ever, it i s  the design parameter tha t  should be considered i n  ta i l ings  pond 
design unless the pond's location, s i ze ,  and hazard potent ia l  require the use 
of a larger flood. An unseasonal winter r a in  and "chinook" winds following a 
heavy snow can r e su l t  i n  catstrophic floods because frozen ground would cause 
a l l  the r a i n  plus the melted snow t o  go in to  the drainage. A t  lower eleva- 
t ions  the en t i re  snow pack could melt and contribute d i rec t ly  to  the runoff. 
A t  intermediate elevations t rans i t ion  zones ex i s t  where the snow absorbs some 
of the ra in .  A t  higher elevations, the snow would absorb a11 the ra in .  

In  areas where a major portion of the precipi ta t ion f a l l s  i n  one season, 
there  w i l l  generally be a d i r ec t  correla t ion between the annual precipi ta t ion 
and the annual runoff. Snow surveys are a common method of forecasting sea- 
sonal runoff from snowmelt. There i s  a good correla t ion between snow survey 
measurements and seasonal runoff. In  large drainage areas, however, the run- 
off varies with the type of precipi ta t ion,  the degree of saturat ion of the 
s o i l ,  and the var ia t ion i n  winter melt. 

Flood Runoff From Rainfall  

Maximum Rainfall 

The amount of runoff carried by a stream depends on storm charac te r i s t ics ,  
such as the intensi ty  and duration of the r a i n f a l l  and the percentage of satu-  
r a t i on  of the drainage basin. For small drainage basins of several square 
miles,  the r a i n f a l l  can be assumed t o  be uniform. An approximation of the 
quanti ty of r a i n f a l l  i n  a given drainage area can be obtained by comparing 
precipi ta t ion records of other drainage basins i n  tha t  general area. The 
National Weather Service has climatic maps showing maxirmun 24-hour and maximum 
record storm precipi ta t ion values. 

I n i t i a l  Losses 

I n i t i a l  loss i s  defined as  the maximum amount of precipi ta t ion tha t  can 
occur under specif ic  conditions without producing runoff. In  the western 
mountains and northern plains areas of the United States ,  a cer ta in  amount of 
i n f i l t r a t i o n  i s  needed t o  s a t i s fy  the s o i l  deficiencies before runoff occurs. 
This can vary from a few tenths of an inch up to  2 inches during dry swuner 



and fall months. If a major rain is   receded by several days of light rain, 
this runoff lag may not occur. Allowances are generally made for such initial 
losses. The initial loss in humid regions preceding major floods range from 
0.2 to 0.5 inch and is very small as compared to total runoff volume. In the 
desert country of the Southwest, where flash £lo& are common, the initial 
losses in the mountains are virtually nonexistent and the runoff is extremely 
fast. It is not until the flood waters reach the stream channels that a great 
deal of infiltration takes place. This can be quite rapid in very permeable 
soil with a flat stream gradient. 

Infiltration Indices 

The infiltration index is the average loss of moisture by seepage into 
the ground, so all precipitation above this quantity will equal the runoff. 
Table B-1 is a tabulation of the infiltration indices for several U.S. drain- 
age basins and indicates the vast differences in amount of infiltration in 
relation to both time and place. 

TABLE B-1. - Infiltration indices 

Range, inches per hour 

0 -0.02.. ........... 
.02- .05 ............. 
.05- .10 ............. 
.lo- .15 . . . . . . . . . . . . .  
.15- .20 ............. 
.20- .25 ............. 

Over .25 . . . . . . . . . . . . .  
Total... ......... 

0 -0.02.. . . . . . . . . . . .  
.02- .05 . . . . . . . . . . . . .  
.05 - .lo. ............ 

Total . . . . . . . . . . . .  

0 -0.02.. . . . . . . . . . . .  
.02 - .05. ............ 
.05- .10 . . . . . . . . . . . . .  
.lo- .15 ............. 
.15- .20 ............. 
.20- .25 . . . . . . . . . . . . .  

Over .25 . . . . . . . . . . . . .  
Total... . . . . . . . . .  

Source: U.S. Army Corps of Engineers (ftl). 

Number of values within various ranges computed from 
hydrologic records for natural drainage basins 

Nov.- 
Dec . 

Jan. - 
Feb. 

March- 
April 

NORTHEASTERN 
0 
0 
0 
0 
0 
0 
0 
0 

NORTH U . S . 
3 
4 
2 
9 

ARKANSAS AND 
3 
19 
17 
8 
2 
0 
0 
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Sept.- 
Oct . May- 

June 
July- 
Aug. 

U.S. 
8 
10 
3 
0 
0 
0 
0 
21 

PACIFIC 
3 
4 
0 
7 

RED RIVER 
1 
12 
33 
21 
14 
6 
16 
103 

DRAINAGE 
0 
1 
3 
1 
0 
0 
2 
7 

DRAINAGE 
0 
1 
0 
1 

BASINS 
0 
5 
8 
11 
17 
10 
46 
97 

0 
0 
0 
0 
0 
0 
1 
1 

0 
0 
0 
0 

0 
0 
1 
0 
1 
1 
9 
12 

0 
6 
8 
5 
2 
2 
6 
29 

0 
0 
1 
1 

0 
3 
1 
4 
3 
0 
14 
25 

0 
3 
11 
7 
4 
0 
6 

3 1 

1 
4 
2 
7 

0 
2 
2 
2 
2 
3 
0 
11 



Synthe t ic  Unit Hydrographs 

A u n i t  hydrograph r ep resen t s  1 inch  of d i r e c t  runoff  r e s u l t i n g  from a 
r a i n f a l l  of u n i t  du ra t ion  and a s p e c i f i c  drainage a rea .  The bas ic  premise 
implies  t h a t  r a i n f a l l  of 2 inches w i l l  produce a runoff  hydrograph having 
o r d i n a t e s  twice a s  g r e a t  a s  those  of the u n i t  hydrograph. The term "unit  
r a i n f a l l  dura t ion"  r e f e r s  t o  t h e  du ra t ion  of runoff-producing r a i n f a l l  o r  
r a i n f a l l  excess t h a t  r e s u l t s  i n  a u n i t  hydrograph. The u n i t  hydrograph 
r e s u l t i n g  from a 6-hour u n i t  r a i n f a l l  du ra t ion  i s  r e f e r r e d  t o  a s  a 6-hour 
hydrograph. The term "lag" i s  t h e  length of time from the  midpoint of t h e  
u n i t  r a i n f a l l  du ra t ion  t o  t h e  peak of  t h e  u n i t  hydrograph. A 6-hour u n i t  
r a i n f a l l  du ra t ion  i s  s u i t a b l e  and convenient f o r  most s t u d i e s  r e l a t i n g  t o  
drainage a reas  l a r g e r  than  100 square mi les .  For drainage areas  of l e s s  than 
100 square mi les ,  va lues  equal  t o  about one-half t h e  lag appear t o  be s a t i s -  
f a c t o r y .  Only i n  approximate s tud ie s  should u n i t  r a i n f a l l  dura t ions  longer 
than  12 hours be used because of probable major changes i n  a r e a l  d i s t r i b u t i o n  
of r a i n f a l l  during t h i s  longer per iod .  

Three methods a r e  a v a i l a b l e  f o r  developing u n i t  hydrographs, a s  follows: 

1. By ana lys i s  of r a i n f a l l  runoff records  of i s o l a t e d  u n i t  storms. 

2 .  By ana lys i s  of r a i n f a l l  runoff records  f o r  major storms. (These two 
r e q u i r e  r a i n f a l l  and streamflow records f o r  the  a c t u a l  drainage bas in . )  

3 .  By computation of s y n t h e t i c  u n i t  hydrographs from (a)  d i r e c t  analogy 
w i t h  basins of s i m i l a r  c h a r c t e r i s t i c s  o r  (b) i n d i r e c t  analogy with a l a rge  
number of o ther  bas ins  through t h e  app l i ca t ion  of empir ica l  r e l a t i o n s h i p s .  

The bas i c  equations f o r  der iv ing  a syn the t i c  u n i t  hydrograph by t h i s  
method a re  shown i n  equat ion B-1 .  

The genera l  procedure i s  t o - -  

1. Analyze any a v a i l a b l e  hydrologic d a t a  a v a i l a b l e  f o r  por t ions  of the  
dra inage  a rea  having streamflow records t o  determine t h e  approximate peak d i s -  
charge ,  l ag ,  and genera l  shape of the  u n i t  hydrograph. 

2 .  I f  adequate hydrologic records a r e  a v a i l a b l e ,  eva lua te  c o e f f i c i e n t s ,  
and use these  va lues  i n  es t imat ing  t h e  peak discharge of a syn the t i c  u n i t  
hydrograph f o r  the  given drainage a rea .  I f  records  a r e  not  a v a i l a b l e ,  c o e f f i -  
c i e n t s  from adjacent  streams wi th  s imi l a r  c h a r a c t e r i s t i c s  may be used. 

3 .  Evaluate  t h e  runoff  c h a r a c t e r i s t i c s  involved and es t imate  whether t h e  
u n i t  hydrograph peak discharge va lues  computed f o r  the  p a r t i c u l a r  a rea  a r e  
c o n s i s t e n t  wi th  va lues  f o r  comparable bas ins .  

The probable degree of accuracy i n  t h e  use of u n i t  hydrographs derived 
from records of minor f loods i n  es t imat ing  c r i t i c a l  r a t e s  of runoff from maxi- 
mum probable storms i n d i c a t e s  t h a t  peak discharge o rd ina te s  were c o n s i s t e n t l y  
h igher  than indica ted  by t h e  u n i t  hydrographs derived from records of minor 



- 
PEAK DISCHARGE OF UNIT HYDROGRAPH, cu ft/ser /sq mi 

FIGURE B-1; - Unit hydrograph peak versus width (47). - 

f loods i n  which t h e  a r e a l  
d i s t r i b u t i o n  of r a i n f a l l  was 
approximately uniform. I n  
most of t h e  drainage a reas  
considered,  the  peak o r d i -  
na t e s  of  u n i t  hydrographs 
derived from major f lood 
hydrographs (6 inches of 
runoff )  were 25 t o  50 per -  
c e n t  higher  than va lues  com- 
puted from records  of  minor 
f loods  (1 t o  2 inches ) .  For 
small drainage a reas ,  i f  t h e  
u n i t  hydrograph has been 
based on p r e c i p i t a t i o n  v a l -  
ues t h a t  a r e  small  i n  r e l a -  
t i o n  t o  t h e  maximum probable 
r a i n f a l l  i n  t h e  a r e a ,  t h e  
computed peak discharge 
should be increased by 25 
t o  50 percent .  

It is f requent ly  nec- 
e s sa ry  t o  modify u n i t  
hydrographs derived from 
a v a i l a b l e  hydrologic records  
t o  r ep resen t  higher r a t e s  of 
runoff .  This i s  done using 
empir ical  r e l a t i o n s h i p s  
r e l a t i n g  t h e  widths and 
he ights  of t h e  peak of the  
u n i t  hydrographs a s  shown 
i n  f i g u r e  B-1 .  

Basic Equations (Source: U.S. Army Corps of Engineers) (47) 
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where t, = lag time of t, uni t  hydrograph, hours, 

t, = uni t  r a i n f a l l  duration, hours, 

t, = uni t  r a i n f a l l  duration other than standard unit  t,, hours, 

t,, = lag time of t, uni t  hydrograph, hours, 

q, = peak discharge ra te  of the t, uni t  hydrograph, cfs /sq m i ,  

qp R 
= peak discharge r a t e  of the tR unit  hydrograph, c fs l sq  m i ,  

Q, = peak discharge r a t e  of t, uni t  hydrograph, c f s ,  

A = drainage area, square miles, 

L,, = stream mileage from s i t e  to center of gravi ty  of the 
drainage area ( to  a point opposite the center of gravi ty) ,  

L = stream mileage from s i t e  t o  upstream l imits  of the drain- 
age area, 

and C, and C, = coeff ic ients  depending upon units and basin character is-  
t i c s .  Corresponding values of Ct and 640 Cp follow: 

640 C,--range, 200-600; average, 400. 

Ct--range, 8.0-0.4; average, 2.0 

Runoff From Snowmelt (47, 9) 

Melting snow af fec t s  runoff and may be an important consideration i n  
design flood analyses. Unlike r a i n f a l l ,  snowmelt i s  not a measured quantity 
i n  hydrologic practice,  and it must be estimated indirect ly  frommeteorologi- 
c a l  parameters. Snow hydrology involves primarily the determination of snow- 
melt ra tes  under various conditions of t e r ra in ,  vegetation cover, and weather. 
Secondly, it involves evaluation of the e f fec t  of the snowpack on runoff. 
Thirdly, snow hydrology i s  concerned with the determination of the water 
equivalent of the snowpack for  use i n  forecasting t o t a l  volume of runoff. 

Snowmelt During Rain-Free Periods 

Evaluating snowmolt on a theoret ical  basis is a problem of heat t ransfer  
involving radiation,  convection, and conduction. The e f fec t  of these factors 
i n  heat transfer i s  highly variable,  depending on the weather and local 
environment. 

The natural  sources of heat i n  melting snow are--  

1. Absorbed solar radiation.  



2. Net longwave ( t e r r e s t i a l )  radiat ion 

3.  Convection heat t ransfer  from the a i r .  

4. Latent heat of vaporization by condensation from the a i r .  

5. Conduction of heat from the ground (usually negl igible) .  

6. Heat content of r a i n  water. 

Solar radiat ion i s  the predominant melting-energy source. Heat t ransfer  
t o  the snow by solar  radiat ion varies with the season, cloud cover, fo re s t  
cover, l a t i tude ,  time of day, and r e f l e c t i v i t y  or  albedo of the snow. Since 
cloud cover a f fec t s  the amount of radiat ion tha t  i s  transmitted to  the snow, 
estimates must be made of the duration of sunshine and of a i r  temperature 
var ia t ions .  Methods for  estimating t h i s  are given i n  references 47 and 49. A 
nomograph for estimating solar  radiat ion a t  l a t i tudes  below 50' N i s  shown i n  
f igure  B-2 .  Graphs showing the seasonal and la t i tud ina l  var ia t ion of solar  
radiat ion ( in  langleys) outside the ear th ' s  atmosphere, and seasonal var ia t ion 
of proportional c lear  sky solar  radiat ion on north and south slopes re la t ive  
t o  a horizontal surface are shown i n  f igure  B-3. 

The albedo i s  the r e f l e c t i v i t y  of the snowpack; it var ies  over a consid- 
erable range and i s  used t o  measure the amount of solar  energy absorbed by the 
snowpack. It i s  measured as a percentage of ref lected short-wave radiation 
and ranges from 80 percent for  new-fallen snow t o  as  l i t t l e  as 40 percent for  
melting late-season snow. 

Generalized equations have been developed for  snownelt during rain-free 
periods on the basis  of various assumptions and 10 t o  80 percent t ree  cover 
(equation B-2). The melt coeff ic ients  represent the actual  melt of the snow- 
pack i n  inches of water equivalent over the snow-covered area and also 
express the melt for  a r ipe  snowpack with the isothermal a t  30' F and with a 
3-percent f ree  water content. 

Basic Equations (Source: U . S .  Army Corps of Engineers) (9) 

Heavily forested area (>80 percent): 

M = 0.074(0.53 T i  + 0.47 Ti) 

Forested area (60 to  80 percent): 

M = k(0.0084u)(0.22 T.' + 0.78 T,,') + 0.029 T: 

P a r t l y  forested area (10 to  60 percent): 

Open area ( 4 0  percent) : 

M = k'(0.00508 1,)(1-a) + (1-~)(0.0212 T i  - 0.84) + N(0.029 Ti) 
+ k(0.0084u)(0.22 T i  + 0.78 Ti) (B-2) 



Notes: Seasonal correction t o  reduction factor - 
1. The sample shown by dashed lines Percent of possible sunshine 

estimates the daily total insolation Mpath 0 10 20 30 40 50 60 70 
at latitude 40 N on Februafl 
21, with 20 percent possible sunshine. Jan. +4 +3 +3 +2 +2 +2 +1  + 1  
Consecutive steps are numbered. Feb. +3 +3 +2 +2 +2 +1 +I +1 
Step 5 adds the seasonal correction (+2) Mar. -1 -1 -1 -1 -1 0 0 0 
read from the table. The final estimate is Apr. -2 -2 -1 -1 -1 -1 -1 0 
195 langleys per day. Ma" -4 -3 -3 -2 -2 -2 -1 -1 

--..- - - - - -  

2. For use between June 21 and December 21, July -5 -4 -3 -3 -2 -2 -2 -I 
the curves are symmetrical about June 21. A%. -4 -3 -3 -2 -2 -2 -1 -1 

Sept. -2 -2 -1 -1 -1 -1 -1 -1 
Oct. 0 0 0  0 0 0  0 0  

FIGURE 8-2. - Solar rad ia t ion versus la t i tude and sunsl l ine (35). - 



~ a i l y  radiation outride earih'r armowhere 

FIGURE 8-3. - Clear sky solar radiation (24). - 

where M = snowmelt r a t e ,  inches per day,  

T: = d i f f e rence  between a i r  and snow su r face  temperatures ,  F, 

Ti = d i f f e rence  between dewpoint and su r face  temperatures ,  O F,  

u = wind speed i n  open a r e a s ,  miles  per  hour,  

I, = s o l a r  r a d i a t i o n  on ho r i zon ta l  sur face  ( i n s o l a t i o n ) ,  langleys ,  

a = average snow su r face  albedo, 

k t  = b a s i n  short-wave r a d i a t i o n  melt  f a c t o r  (See f i g .  B-3.  It would 
be 1 . 0  fo r  a bas in  e s s e n t i a l l y  ho r i zon ta l  o r  whose no r th  and 
south s lopes  a r e  a r e a l l y  balanced. It usua l ly  f a l l s  w i th in  t h e  
l i m i t s  of 0.9 and 1.1 dur ing  sp r ing ) ,  

F = average bas in  f o r e s t  cover ,  expressed a s  a decimal f r a c t i o n ,  

Td = d i f f e rence  between cloud base and snow su r face  temperatures,  O F 
(Air temperature drop 3' t o  5' F per 1,000 f e e t  of e l eva t ion .  
Where cloud base i s  l e s s  than  1,000 f e e t ,  i t s  temperature can  be 
assumed equal t o  su r face  a i r  temperature) ,  

N = cloud cover ,  expressed as  a decimal f r a c t i o n ,  

and k = bas in  convection-condensation melt f a c t o r .  (See equat ion B-3.) 



Snowmelt During Rain 

Evaluat ion of bas in  snowmelt during r a i n  i s  a spec ia l ' condi t ion  where 
s impl i fy ing  assumptions can be made i n  t h e  snowmelt equat ion.  Solar  r a d i a t i o n  
melt  i s  very  small  during a r a i n ,  but  heat  t r a n s f e r  by convection and conden- 
s a t i o n  a t  t h i s  time i s  t h e  major source of energy fo r  snowmelt depending on 
t h e  type of a rea .  Heat t r a n s f e r  t o  a snowpack during r a i n  involves t h e  f o l -  
lowing bas i c  cons idera t ions :  

1. 'Ihe amount of hea t  t r a n s f e r  would depend on t h e  a i r  temperature and 
v e l o c i t y  of the  sa tu ra t ed  a i r .  Convection and condensation melt may be a c t i v e  
both  day and n igh t ,  e s p e c i a l l y  i f  t h e r e  i s  appreciable wind. 

2 .  This hea t  t r a n s f e r  i s  considerably l e s s  i n  the  f o r e s t  than  on t h e  
p l a i n s .  

/' 

3.  Rain melt i s  simply expressed as  a func t ion  of r a i n f a l l  i n t e n s i t y  and 
a i r  temperature. 

4. Short-wave r a d i a t i o n  me l t ,  ground mel t ,  and evapot ranspi ra t ion  a r e  
a l l  neg l ig ib l e .  'Ihe s impl i f ied  equat ions f o r  es t imat ing  snow melt  during r a i n  
fol low (equation B-3). 

Snowmelt Equations (Source: U .S Army Corps of Engineers) (9) 

Heavy fo res t ed  a reas  (>80 percent ) :  

Open o r  p a r t l y  fo res t ed  areas  ( A 0  pe rcen t ) :  

where M = snowmelt r a t e ,  inches per  day, 

Ta = mean temperature of s a tu ra t ed  a i r ,  F ,  

u = mean wind speed, miles  per  hour (For p a r t l y  fo res t ed  a reas ,  wind 
va lues  should be those r ep resen ta t ive  of t h e  open por t ions  of the 
bas in ) ,  

P, = r a t e  of r a i n f a l l ,  inches per  day, 

and k = bas in  convection-condensation melt f a c t o r .  . (This allows f o r  bas in  
exposure t o  wind. It would be 1 .0  f o r  unforested p l a i n s ,  but  
could be as  l oy  as  0.3 f o r  densely fo res t ed  a r e a s . )  

Snarmelt and Runoff 

Streamflow ana lys i s  f o r  winter  o r  e a r l y  spr ing  r equ i re s  information on 
t h e  s to rage  e f f e c t  of the  snowpack. The s to rage  e f f e c t  of t h e  snowpack on 



runoff is determined primarily by the conditions of temperature and l iquid 
water within the pack a t  any given time. These conditions continually change 
during the accumulation period so there i s  no constant amount. During the 
spring snow-melt period, the snow becomes saturated, w i l l  s tore  no more water, 
and i s  considered to  be primed. After t h i s  i n i t i a l  priming, the only addi- 
t iona l  storage i s  t rans i to ry  and there i s  only a temporary delay of l iquid 
water i n  t r a n s i t  through the snowpack. This condition i s  character is t ic  of 
the spring period, but it can also occur during midwinter i f  r a i n f a l l  can 
s a t i s f y  the cold content and liquid-water-holding capacity of the snowpack. 

Equation B-4 is used t o  calculate the inches of water from e i ther  r a i n  or 
snowmelt necessary to bring a subfreezing snowpack up to  32" F .  Added to  th i s  
must be enough liquid water to  saturate  the snowpack t o  2 to  5 percent of the 
t o t a l  water equivalent before runoff occurs. 'During the day, the snowpack can 
contain up t o  10 percent water equivalent because of water i n  t r ans i t .  There 
is a time delay for runoff t o  occur, ranging from 3 t o  4 hours i n  mountainous 
areas to a much longer time on the plains where drainage i s  not as good. 

Cold Content Equation (Source: U . S .  Army Corps of Engineers) (49) 

where W, = cold content equivalent, inches of liquid water, 

p = snow density, grams per cubic centimeter, 

D = snowpack depth, inches, 

and Ts = average snowpack temperature d e f i c i t  below 0" C 

Runoff Losses 

The general principles of water loss  and delay caused by s o i l  moisture 
de f i c i t s ,  evapotranspiration, and ground water storage tha t  are  used i n  r a i n  
hydrology are  a lso applicable to  snow hydrology. There are  some differences 
where snow i s  a source of runoff. The s o i l  ac t s  as a reservoir ,  storing water 
when available. This can be as much as 4 t o  8 inches i n  typical  mountain 
s o i l s .  This i s  sometimes f i l l e d  t o  capacity by f a l l  ra ins  pr ior  t o  the snow- 
f a l l  or ear ly  in  the snowmelt period. Therefore, essent ia l ly  no runoff occurs 
u n t i l  t h i s  de f i c i t  is sa t i s f i ed .  A frozen s o i l  mantle w i l l  have somewhat the 
same ef fec t  as a saturated s o i l  and w i l l  increase the runoff. 

Evapotranspiration can account for  as much as 12 percent of the water 
equivalent of the snowpack. Loss by evaporation i s  very small and w i l l  aver- 
age less than 0.5 inch month during the winter and early spring. 

As much as 30 percent of s n m e l t  goes in to  ground water storage, and 
there  i s  a long time lag before it reaches the streamflow. On the other hand, 
surface runoff occurs iwnediately when melting takes place. 



Hydrograph synthesis requires a method for evaluating the time-delay run- 
off for all coqonents of basin storage, including transitory storage in the 
snowpack, soil, ground water aquifers, and surface-stream channels. Unit 
hydrographs and storage routing are two methods of evaluating basin storage 
that are explained in detail elsewhere ( 4 z )  and will not be discussed further 
here. 



APPENDIX C .  --SEEPAGE AND FLOW NETS (2) 
The uppermost l i n e  of seepage t h a t  i s  a t  atmospheric pressure  i s  known a s  

t h e  ph rea t i c  sur face  and i s  t h e  uppermost flow l i n e .  

An equ ipo ten t i a l  l i n e  i s  a  l i n e  of equal  head; t he re fo re ,  water  r i s e s  t o  
t h e  same l e v e l  i n  piezometers i n s t a l l e d  along a given equ ipo ten t i a l  l i n e .  The 
e q u i p o t e n t i a l  l i n e s  i n  a  flow n e t  must i n t e r s e c t  t h e  f r e e  water su r face  a t  
equal  v e r t i c a l  i n t e r v a l s .  

Flow l i n e s  and e q u i p o t e n t i a l  l i n e s  must i n t e r s e c t  a t  r i g h t  angles  t o  form 
a r e a s  t h a t  a r e  b a s i c a l l y  squares when t h e  ma te r i a l s  a r e  i s o t r o p i c .  Adjacent 
equ ipo ten t i a l s  have equal head l o s s e s .  The same quan t i ty  of seepage flows 
between adjacent  p a i r s  of  flow l i n e s .  

Usually it i s  b e s t  t o  s t a r t  w i th  a n  i n t e g r a l  number of equal  p o t e n t i a l  
drops by dividing the  t o t a l  head by a  whole number and drawing flow l i n e s  t o  
conform t o  these  equal  p o t e n t i a l s .  The ou te r  flow pa th  w i l l  gene ra l ly  form a 
d i s t o r t e d  square f i g u r e ,  but  t h e  shape of these  d i s t o r t e d  squares ( the  r a t i o  
B/L) must be a  cons tant  ( f ig .  C-1). 

I n  a  s t r a t i f i e d  s o i l  p r o f i l e  where t h e  r a t i o  of ho r i zon ta l  t o  v e r t i c a l  
permeabi l i ty  (K,/%) exceeds 10, t h e  flow i n  the  more permeable l a y e r  con t ro l s .  
The flow n e t  may be drawn f o r  t h e  more permeable l aye r ,  assuming the l e s s  per-  
meable l aye r  i s  impervious. The head on t h e  i n t e r f a c e  from t h i s  permeable 
l a y e r  i s  imposed on t h e  l e s s  pervious layer  f o r  t h e  cons t ruc t ion  o f  the flow 
n e t  w i th in  t h a t  layer .  This s i t u a t i o n  can occur when a s t a r t e r  dam i s  imper- 
v ious  t o  t h e  t a i l i n g s  i t  is  r e t a i n i n g  and has i n s u f f i c i e n t ,  i n e f f e c t i v e ,  or  no 
d r a i n s ,  s o  t h a t  water a t  the  i n t e r f a c e  bu i lds  up t o  and goes over the top of 
t h e  s t a r t e r  dam. The flow n e t  through t h e  s t a r t e r  dam then would be the  same 
a s  i f  t he re  was f r e e  water aga ins t  it, as  i l l u s t r a t e d  i n  f i g u r e  49. 

I n  a  s t r a t i f i e d  l aye r  where t h e  r a t i o  of permeabi l i ty  of  the  l aye r s  i s  
l e s s  than 10, the flow n e t  i s  de f l ec t ed  a t  the  i n t e r f a c e  i n  accordance with 
f i g u r e  C - 1 .  

When ma te r i a l s  a r e  an i so t rop ic  wi th  r e spec t  t o  permeabil i ty ,  t h e  c ross  
s e c t i o n  should be transformed by changing the  s c a l e ,  a s  i n  f i g u r e  C - I .  The 
h o r i z o n t a l  dimension of  t h e  s e c t i o n  i s  reduced by a. The flow n e t  i s  
t h e n  drawn a s  fo r  i s o t r o p i c  ma te r i a l s  and can be transposed t o  a  t r u e  sec t ion .  
If K, > & t h e  L dimension becomes elongated,  and t h e  n e t  is no longer a  
square .  I n  computing t h e  q u a n t i t y  of seepage, t h e  d i f f e r e n t i a l  head i s  not 
a l t e r e d  fo r  the  t ransformation.  

Where only the  q u a n t i t y  of seepage i s  t o  be determined, an approximate 
f low n e t  s u f f i c e s .  Where pore pressures  a re  t o  be determined, t h e  flow n e t  
must be accura te .  

This explanat ion of flow n e t s  i s  not  intended t o  make one p r o f i c i e n t  i n  
drawing flow n e t s ,  which r e q u i r e s  experience and more d e t a i l e d  explanat ion .  



Phreatic surface 

. .  . ' Stratum (iJ 
18) Flow net for true section where kh=kv I 1 I Permeabiiitv kr 

ID) Flow net for section (01 above in kh=4kv 
Horizontal dimensions of section reduced by 6 

- 
kh 

IE)  Flow net (D) above transposed to true section 

FIGURE C-1. - Flow net construction. 



APPENDIX D. --SLOPE STABILITY ANALYSIS, SIMPLIFIED BISWJP MBTHOD 

BISHOP - C I S €  1 - H I  PHREATIC - DMIN.5.0 - SODEWM!RO 

POINT DATL-- USE 50 POINTS MLXIYUM 
POINT NO. X-coom Y-COORO 

I 1. of! 200.00 
2 200.00 200.00 
3 275.00 230.00 
4 320.on 205.50 
5 339.06 255.94 
6 b50.00 380.00 
7 850.0n 378.00 
e 850.00 313.00 
9 850.60 293.80 

10 850.00 229.60 
7 

LINE DLT4---USE 50 LINES M4xIMuM 
POINT POINT SOIL 

1 1 Z 3 
2 Z 3 3 
3 3 4 3 
4 3 5 2 
5 5 6 1 
6 6 7 1 
7 5 8 2 
8 b 9 2 
9 4 10 3 

SOIL PROPERTIES--USE I F  SOILS OR LESS 
SOIL YO. DENSITY COHO TAM PP RbTIO PP RATIO CAPLRY 

PCF P S I  PHI 

PnREATIC SURFACE POINTS--USE 10 POINTS MAXIMUM 
X-COORO Y-COORO 



TuE F(ILLOUIN3 I S  b PRINTOUT OF THE I N E  bRR4v. TYF  I h t I T I P L  5 L I V E S  
~ I I S T  R E  T H t  SUI)FACE OF THE SLOPE Gn lNG FROM L E F T  TO R I G r l T *  
T-iERE MUST R E  NO V E Q T I C b L  L I V E S  AFTFR NO. 5 . 

NO. 
1 
2 
3 
4 
5 
6 
7 
R 
9 

V-LEFT 
200.00 
200.00 
230.00 
255.94 
380.00 
230.00 
255.94 
205.50 
205.50 

Y-RGHT 
~ 0 0 . 0 0  
230.00 
255.94 
380.00 
37R.00 
205.50 
313.00 
ZY3.80 
229.60 

S O I L  
3 
3 
1 
1 
1 
3 
1 
2 
3 

NUMBER OF SL ICES- -100  OR LESS 

TqE LOdEST ELEVATION TH&T SHOULD OCCUR ALONG 
A V Y  TRIAL  F A I L U R E  SUHFACE (YYIN.)  

150.00 

THE MINIMUY V4LUE FOR THE GREATEST 
DEPTH OF THE S L I D I N G  M ~ S S  (OMIN).. 

S*  0 0  

X AND Y COOROIU4TES OF THE CENTER OF 
THE I N I T I A L  TR14L  FAILIIRE SURFACE. 

INCREMENTS OF X AND Y USED I N  THE COARSE GRID 
I N  SEARCHING FOR THE MIN IYuM FACTOR OF SAFETY. 
THE F I N A L  GRID I S  4 TIMES FINER. 



X 
COORD. 

269.00 
ze9.110 
249.130 
229.00 
209.00 
1 8 ~ . 0 0  
169.00 
149.00 
129.00 
109.00 

89.00 
109.00 
109.00 
109.00 
129.00 
149.00 
129.00 
129.00 
174.00 
124.00 
129.00 
129.00 
129.00 
134.00 
124.00 

RADIUS  

462.92 
463.26 
471.71 
475.93 
477.19 
475.40 
478.28 
LBO. 09 
473.99 
483.57 
488.00 
503.86 
465.14 
446 .us 
455 a 36 
449.74 
473.99 
438.67 
453.76 
658. 69  
460.02 
464.67 
469 33 
463.07 
470 . 24 



8TSHOP - CASE 2 - L O  P H R E A T I C  - D M I W 5 . 0  - SDDERHFRG 

P O I N T  OAT&-- USE 5 0  P O I W T S  MAUIYOM 
P O I N T  NO. X - C O O W ~  Y-COORD 

L I N E  DATA---JSE SO L I Y E s  WAXIMUH 
P O I N T  P O I N T  S O I L  

S O I L  PROPERTIES--USE I F  SOILS OR L F S ~  
S O I L  YO. O E Y S I T Y  CO4. A P P  R A T I O  P P  R A T I O  CAPLRY 

PCF P S I  p H 1  

P n R E A T I C  SURFACE POINTS- - ! IS€  
X-COORD 

i n  P o r v T r  MaxrnuM 
Y-COORD 



74E FOLLO*INB IS A PRINTOUT OF THE L I V E  aHRAy. TUF I N I T I A L  5 L I V E S  
*cllqT RE THE SURF4CE OF T l E  SLOPE GOING FROM LEFT TO RIGHT* 
THERE MUST RE NO YERTIC4L L I Y E S  PFTEI? YO. 5 . 

NO. X-LEFT Y-LEFT K-RGHT Y-QGHT SLOPE S O I L  
1 1.00 700.00 Z00.00 200.00 0 3 
2 ZOO.00 200.00 275.00 230.00 .4flr)r) 3 
3 275.00 230.00 339.86 255.94 .3999 2 
4 339.86 255.96 b50.00 390.00 . 4000  1 
5 bs0 .00  360.00 850.00 379.00 -o .n loo  1 
6 275.30 230.00 320.00 205.50 -0.5664 3 
7 339.86 255.94 850.00 313.30 . l l l 9  2 
H 320.00 205.50 850.00 293.80 .I666 2 
9 320.00 205.50 850.00 229.60 .n455 3 

NUMBER OF SLICES--ID@ OR LESS 

THE LOWEST ELEVATION T H 4 t  SHOULO OCCUR ALONG 
A Y Y  TRIAL FAILURE SURFACE (YMIN.) 

150.00 

THE MINIMUM VALUE FOR THE GREATEST 
OEPTH OF THE SLXDXNG qASS (DMIN).  

5.00 

1 COMPUTE USING AUTOM4TIC SEARCH ROUTINE 
2 COMPUTE USING PRESCRIBED CONTROL G R I D  

INC3EMENTS OF X AND Y USE5 I N  THE COARSE GRID 
I N  SEARCHING FOR TqE MIN Iy l lM  FACTOR OF SAFETY. 
THE F I N A L  O R I D  I S  4 TIMES FIVER. 



x Y Fs FS 
COORD. COORO. R A D I U S  BISHOP FELLINIUS 

Y I V I M U M  BISHOP FS FOUND A T  X =  3 0 9 , n O ~  v =  7OS.001 
R= 480.409 asHP.= 2.2879 FELL.= 2.197 



APPENDIX E . --NOMENCLATURE 
Borrow material.--Natural soil, rock, or manmade waste (mill tailings) 

obtained from outside the construction site and used for making fills, dams, 
roads, etc. 

Bulking.--A term used to describe a moist sand the particles of which are 
held in a loose structure by capillary forces between individual grains. 
Either drying or saturation will release the capillary forces and allow the 
particles to shift into a denser structure. 

Cohesion (c).--A strength exhibited by some soils even though there is no 
normal stress applied to the soil. The exact cause of cohesion is unknown; 
however, it is felt to be related to intergranular attraction and capillarity 
of partially saturated soil. 

Decant.--A decant tower in a tailings pond controls the water level of 
the pond. It collects the clear water and directs it to a holding pond out- 
side the downstream toe of the embankment. Figures 18, 19, and 21 are decant 
tower and line pictures. 

Driving force.--The weight of soil and water and inertia which may cause 
sliding along the potential failure surface. See also Resisting force. 

Dynamic factor of safety.--Factor of safety calculated as affected by 
seismic or other outside dynamic force. See also Static factor of safety. 

Factor of safety (FS).--The factor of safety for stability of an earth 
mass is the summation of resisting forces divided by the sumation of driving 
forces tending to cause movement. An FS figure of 1.0 or less indicates 
potential failure, and above 1.0 is stable. An FS of 1.5 is generally con- 
sidered necessary for a safe tailings pond. 

Leaching.--The process by which water (or water and sulfuric acid) is 
sprayed or injected into "waste" dumps containing copper mineralization too 
low in grade to be milled. The resulting copper sulfate solutions are run 
through vats containing scrap iron, where the copper is precipitated for ship- 
ment to the smelter. 

Maximum storm.--Amount of precipitation in any given storm, regardless of 
length of storm. 

Permeability.--This is the measure of the rate of flow of water through a 
given soil--generally measured in centimeters per second. 1 X lo-" centi- 
meters per second is approximately 1 foot per year. 

Constant-head permeability is the simplest type of test; the waterhead 
on the soil is maintained by using a fixed reservoir with a constant level of 
water above the soil sample. 



Falling head permeability is a test in which the upper reservoir is 
replaced with a vertical stand pipe. During the test the level of water 
falls, and the flow is measured by the difference in volume in the standpipe. 

Phi angle (61.--The angle of internal friction between soil particles. 
In addition to the friction between minerals, it includes interlockin@ between 
individual particles. It is measured by direct shear test or triaxial shear 
test measured in degrees and is not affected by water. 

Phreatic surface.--The line below which the soil is saturated. It can 
also be called the ground water line or the top flow line in a flow net. 

Resisting force.--Shearing resistance of the soil mass and other forces 
that oppose the driving force. 

Shear box.--In the direct shear test a sample of soil is placed in a con- 
tainer the top half of which can slide freely over the bottom half. A normal 
load is applied to the top of the sample, and a shearing force is applied to 
the top half of the container, shearing the sample horizontally at the 
midpoint. 

Shear strength (peak).--The maximum shearing stress achieved during a 
shear test with a given normal load is designated as the peak strength. 

Shear strength (residual).--After the shear stress has peaked, if the 
test is continued, an ultimate or residual stress will be attained. It is 
usually constant and less than the peak strength. 

Stability analysis.--One of several methods of determining the safety of 
an earth mass against failure or movement! 

I 
Static factor of safety.--Factor of safety calculated with no dynamic 

forces acting on the embankment. 

Tailings. --The U. S . Department of the Interior, Bureau of Mines, diction- 
ary of mining, mineral, and related term$ requires its use rather than the 
word tailing which is by metaliurgists. 

Time of concentration.--Length of time when precipitation is intense in 
any given storm. 




